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DISPERSOID-TOUGHENED  SILICON  NITRIDE  COMPOSITES'^ 
S.T.  Buljan,  J.G.  Baldoni,  M.L.  Huckabee,  J.  Neil,  and  G.  Zilberstein 


ABSTRACT 

This  report  is  a  summary  of  results  of  a  study  aimed  at  the  development  of  silicon 
nitride  composites  of  enheinced  fracture  toughness  euid  strength  utilizing  particulate 
and  whisker  dispersoids.  Composites  with  40%  higher  fracture  toughness  and  25% 
higher  room-temperature  fracture  strength  over  that  of  the  base  silicon  nitride 
“nionohth”  have  been  prepared  using  30  v/o  SiC  whisker  dispersoids.  An  increase 
in  fracture  toughness  of  70%  has  been  observed  at  35  v/o  whisker  additions.  Both 
fracture  toughness  eind  strength  improvements  persist  over  a  wide  range  of 
temperatures  (25-1200®C).  These  composites  exhibit  excellent  oxidation  resistance 
and  improved  resistance  to  slow  crack  growth  and  creep  at  elevated  temperatures. 

A  process  for  fabrication  of  complex  composite  ceramic  parts  was  developed  and 
demonstrated.  The  present  study  has  also  provided  extensive  information  regarding 
microstructure-property  dependence  in  dispersoid-modified  ceramics,  which  has  been 
utilized  to  derive  a  formal  theory  of  fracture  toughness  and  microstructure  relationship. 


INTRODUCTION 

The  application  of  sihcon  nitride,  as  well  as  other  ceramics,  in  the  demanding 
heat  engine  environment  is  limited,  by  their  relatively  low  flaw  tolerance.  Improve¬ 
ment  in  the  strength,  and  particularly  the  fractme  toughness,  of  these  materials  would 
considerably  expand  their  application  range  and  contribute  to  a  more  rapid  develop¬ 
ment  of  heat  engines. 

The  development  of  silicon  nitride  composites  offers  a  potential  for  considerable 
improvement  in  mechanical  properties.  Options  include  the  development  of  fiber  and 
dispersoid  composites  and  Uiminates. 

Considering  the  difficulties  encoimtered  in  the  developnient  of  fiber-reinforced 
rnatArialg,  the  Utilization  of  psirticulates  and  whiskers  ais  toughening  constituents 
appears  more  near-term  and,  to  some  extent,  economically  more  appealing  due  to 
giTTipiar  processing  Work  on  such  sUicon  nitride-bcised  composites  was  initiated  in 
the  1970’s  and  early  1980’s.i*®  Intended  applications  have  directed  the  reseeirch,  and 
while  fracture  toughness  was  an  important  issue,  it  did  not  dominate  all  the  develop¬ 
ment  efforts.  Other  properties  such  as  hardness  and  chemical  and  electrical  char¬ 
acteristics  were  given  more  attention  for  weeir,  corrosive  environment,  and  electrical 
applications. 

*Research  sponsored  by  the  U.S.  Department  of  Energy, 
Assistant  Secretary  for  conservation  and  Renewable  Energy, 
Office  of  Transportation  systems,  as  part  of  the  Ceramic 
Technology  for  Advanced  Heat  Engines  Project  of  the  Advanced 
Materials  Development  Program,  under  contract  DE-AC05-840R2 1400 
with  Martin  Marietta  Energy  Systems,  Inc. 
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The  concepts  of  composite  toughening  by  particulate  and  short  fiber  dispersoids 
are  listed  in  Table  1.  The  usefulness  of  some  of  these  can  be  restricted  by  severe 
application  conditions.  In  advanced  heat  engines,  where  lifetimes  of  10,000  hours  are 
a  goal,  microcracking  leads  to  a  reduction  in  the  component  strength  emd  the  elastic 
modulus.  Additionally,  internal  oxidation  edong  microcracks  or  spalling  of  microcracked 
areas  means  that  the  reliability  of  materials  toughened  by  this  mechanism  is  not 
acceptable  for  such  demanding  applications. 

Table  1 .  Potential  toughening  mechanisms  for  ceramic-matrix  composites  with 
particulate  or  whisker  dispersoids 


Mechanism 

Description 

Microcracking 

Crack  interaction  with  residual  stredn  field  mound  dis¬ 
persoid  to  create  process  zone  ahead  of  crack  tip 

Phase 

Transformation 

Dispersoid  volumetric  chemge  by  phase  transformation 
creating  a  process  zone  to  shield  crack  from  applied 
stress 

Crack 

Impediment 

Crack  blunting  by  dispersoid  or  line  tension  impeding 
crack  propagation 

Crack 

Deflection 

Surface  toughening  and  crack  tilting  and  twisting  during 
propagation  mound  dispersoid  caused  by  thermal  expan¬ 
sion  mismatch  and/or  elastic  modulus  mismatch  stresses 

Crack 

Bridging 

Pullout  and  crack  bridging  by  whisker  dispersoids 

Phase-transformation  toughening  also  has  limited  promise  for  Si3N4-based  com¬ 
posites.  Careful  consideration  of  the  various  additives  that  could  toughen  a  Si3N4  matrix 
by  this  meems  has  indicated  that  many  of  them  would  combine  chemically  with  the 
SiOs-based  second  phase  during  consolidation.  However,  some  of  them  may  be  appli¬ 
cable  in  reaction-bonded  silicon  nitride  (RBSN).  The  utilization  of  this  mechanism  has 
not  yielded  the  thermal  stability  required,  particularly  for  applications  in  engine  com¬ 
ponents  which  are  exposed  to  elevated  temperatmes  for  an  extended  period  of  time. 

Crack  impediment  by  the  ductile  dispersoids  may  be  emother  somewhat  less 
attractive  option.  It  has  been  shown  that  in  a  metal  dispersoid/biittle  matrix  composite, 
the  advancing  crack  firont  may  be  blimted  when  it  encounters  the  ductile  dispersoid 
obstacle,  which  can  deform  plastically.^  The  plastic  deformation  absorbs  sufficient 
energy  to  stop  crack  propagation  and  therefore  toughens  the  ceramic  composite.  In 
addition  to  crack  blunting,  the  relaxed  stress  field  mound  the  dispersoid  may  allow 
a  second  crack  blunting  interaction  to  become  active,  that  of  line  tension.  The  line 
tension  effect  is  analogous  to  dislocation  motion  past  obstacles  as  illustrated  in  Figure 
U  The  stress  needed  to  propagate  the  bowed  segments  of  the  crack  front  is  greater 
than  that  needed  to  propagate  the  crack  in  a  dispersoid-free  material,  hence  an  increase 
in  toughness  results.  Metallic  dispersoids,  however,  restrict  the  use  of  composites  to 
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low  temperatures  due  to  reduced  pxidation  resistance.  Some  ceramic  systems  may, 
however,  provide  an  alternative.  For  example,  in  the  Si3N4-TiC  system,  a  crack  impedi¬ 
ment  may  become  operative  at  high  temperatures,  since  it  was  reported®  that  TiC 
imdergoes  a  brittle-ductile  transition  between  800  and  900  °C. 

The  predominant  toughening  mechanism  that  has  so  far  been  explored  in  com¬ 
posite  development  for  applications  in  severe  environments  has  been  crack  deflec¬ 
tion  and  bridging  by  crack  interaction  with  the  dispersed,  hard  refractory  particulates 
or  whiskers.  The  deflection  mechanism  originates  in  the  presence  of  a  stress  field  sur- 
roimding  the  dispersoid  along  the  matrix/dispersoid  interface,  which  is  caused  by  ther¬ 
mal  expansion  or  elastic  modulus  mismatch.  A  considerable  number  of  potential  disper- 
soids  (e.g.,  refractory  Ccirbides)  have  higher  thermal  expansion  coefficients  than  Si3N4 
so  that  the  residucil  strain  state  in  the  Si3N4  matrix  surrounding  such  dispersoids  is, 
after  densification,  radial  tension  and  tangential  (hoop)  compression.  This  strain  state 
tends  to  divert  an  advcincing  crack  around  the  dispersoid  as  depicted  in  Figure  2. 


BOWED  CRACK  FRONT 


Figure  1.  Schematic  Representation  of  Crack  Bowing  Between  Dispersoid  Particles'^ 


(a) 


Figure  2.  Schematic  Representation  of  (a)  the  Residual  Stress  State  Around  the  Dis¬ 
persoid,  Having  a  Higher  Thermal  Expansion  than  the  Matrix  and  (b)  Result¬ 
ing  Crack  Deflection^  ^ 

Toughening  by  crack  deflection  has  been  postulated  to  be  independent  of  disper¬ 
soid  size  but  dependent  on  dispersoid  volume  irrespective  of  the  sign  of  thermal 
evpansion  mismatch  stresses.  However,  this  has  only  been  demonstrated  in  glass- 
matrix  systems, which  are  free  of  matrix  grain  boundaries. 
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The  development  of  composites  requires  careful  consideration  of  dispersoid  shape, 
as  well  as  its  properties.  It  has  been  hypothesized  that  crack  deflection,  which  pro¬ 
duces  tilting  and  twisting  of  the  advancing  crack  front,  is  an  effective  toughening 
mechanism  emd  that  the  degree  of  toughening  is  dependent  upon  dispersoid  shape. 
On  a  theoretical  basis,*^  rod-shaped  particles  are  predicted  to  be  more  effective 
toughening  agents  than  disc-shaped  particles,  which  are  more  effective  than  spheres 
(see  Figure  3).  Toughness  increases  of  up  to  four  times,  using  rod-shaped  dispersoids, 
have  been  predicted.  Attempts  to  develop  ceramic  composites  of  this  type  have  met 
with  limited  success. ^^.14  Genereilly,  experimental  results  have  deviated  considerably 
from  predictions  based  on  the  2iSsumption  of  a  homogeneous  continuum  matrix^-^^ 
and  from  results  obtained  with  glass-matrix  composites.^  Additionally,  the  complexity 
of  composites  often  results  in  increased  processing  difficulties  emd  enkuged  process¬ 
ing  flaw  size.  This  has  at  times  produced  improvements  in  fracture  toughness  at  the 
expense  of  strength.^'* 


Figure  3.  Theoretical  Predictions  of  Composite  Toughening  by  Dispersoids  of  Various 

Shapes^2 

The  purpose  of  the  present  study  was  to  exeimine  the  effect  of  second  phase 
additions  on  the  fracture  toughness  of  silicon  nitride  and  to  develop  a  composite  with 
increased  mechanical  properties.  It  was  anticipated  that  crack  deflection  toughening 
by  crack  interaction  with  dispersed,  hard,  refractory  particulates  or  whiskers  provided 
the  best  option.  In  order  to  invoke  toughening  by  crack  deflection,  metal  cmbides  — 
TiC  and  SiC  in  both  equiaxed  smd  elongated  (whisker)  shapes  —  were  employed  as 
dispersoids  in  a  Si3N4  +  6  w/o  Y2O3  +  1.5%  AI2O3  (AY6)  matrix.  Both  TiC  and  SiC 
have  higher  thermal  esqsansion  coefficients  than  Si3N4,  so  that  the  residual  strain  state 
in  the  Si3N4  matrix  smroimding  a  TiC  or  SiC  dispersoid  tends  to  deflect  an  advancing 
crack  aroimd  the  dispersoid.®-'®’^® 
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The  physical  properties  of  these  dispersoid  constituents  are  given  in  the  follow¬ 
ing  table  (Table  2)  and  compared  vdth  the  matrix  phase. 

Table  2.  Properties  of  composite  constituents 


TiC 

Si3N4  Matrix-(AY6) 

SiC 

Young's  Modulus  (GPa) 

430 

300 

420 

Poisson’s  Ratio 

0.19 

0.26 

0.18 

/tH  (GPa) 

28.4 

12.0 

27.4 

Kjc  (MPa*m'/2) 

3.5 

4.6 

4.6 

Thermed  Expansion 
Coefficient,  O'  (10"®/ °C) 

7.4 

3.6 

5.0 

Since  both  TiC  and  SiC  have  higher  moduli  of  elasticity  than  Si3N4,  the  strain  state 
produced  by  elastic  modulus  mismatch,  when  the  composite  is  under  tensile  load, 
also  tends  to  divert  the  crack  around  the  dispersoid.  In  Si3N4  -i-  TiC  or  Si3N4  -i-  SiC 
composites  under  load,  the  residual  strain  and  elastic  moduU  mismatch  effects  are 
additive,  and  crack  deflection  is  expected. 

It  was  another  objective  of  this  investigation  to  develop  emd  demonstrate  fabrica¬ 
tion  methods  and  generate  a  process  flow  sheet.  The  intended  use  of  ceramic  com¬ 
posites  as  structured  components  of  automotive  engines  requires  a  process  capable 
of  producing  complex  peirts  in  high  volumes.  Forming  of  green  parts  by  injection 
molding  emd  densification  by  hot  isostatic  pressing  were  considered  to  be  process¬ 
ing  techniques  capable  of  meeting  the  above  goals.  A  CATE  (DOE-Ceramic  Applica¬ 
tions  in  Turbine  Engines  program)  turbine  blade,  because  of  its  complex  shape,  was 
considered  a  suitable  part  for  process  demonstration. 


I.  MATERIAL  CHARACTERIZATION  AND  DEVELOPMENT 
PRECURSOR  MATERIALS 

The  results  of  chemical  analysis  of  the  precursor  materials  used  in  this  study,  along 
with  the  examination  method,  are  given  in  Table  3.  For  the  ARCO  SC-9  SiC  whiskers, 
examination  of  small  aggregates  of  particulate  matter  by  Scanning  Transmission  Elec¬ 
trical  Microscopy  (STEM)  showed  the  majority  of  the  impurities  were  contained  in  these 
particles  and  not  at  the  surface  of  the  whiskers.  Phase  analysis  for  the  materials  was 
determined  by  x-ray  diffraction.  The  ARCO  SiC  whiskers  were  foimd  to  be  composed 
of  a  major  phase  of  j8,  8F  and  minor  a,  4H/8H,  while  the  Lonza  SiC  emd  Cerac  SiC 
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particulate  materials  were  found  to  be  a:12H.  The  SiC  whiskers  had  a  surface  area, 
determined  by  BET,  of  3.3  m^/g  with  average  length  of  17.5  /tm  and  average  diameter 
of  0.53  nia..  The  size  distributions  as  determined  by  quantitative  image  analysis  from 
SEM  photomicrographs  are  seen  in  Figure  4a. 


Table  3.  Impurities  in  precursor  powders 


Impurilies,  Wt.  %  I 

Precursor 

Metals 

Nonmetals  1 

Powder 

Ai 

Mg 

Ca 

Fe 

Cr 

Ni 

Mn 

Mo 

Free  Si 

Free  C 

0, 

Cl 

Emission  Spectroscopy 

XRD 

CTC.Leco 

NAA 

XRF 

SiaN.^ 

<0.01 

ND 

- 

<0.05 

ND 

NO 

Nd 

0.005 

<1.0 

ND 

1.5 

<0.05 

SiC(W)^ 

<0.1 

0.1 -0.3 

0.1-0.3 

<0.1 

<0.1 

<0.1 

0.1-0.3 

ND 

ND 

0.36 

1.78 

NO 

SiC(P)^ 

0.09 

0.002 

NO 

0.02 

ND 

<0.01 

0.001 

ND 

ND 

1.00 

0.61 

ND 

SiC(P)^ 

0.02 

<0.003 

ND 

0.07 

ND 

0.008 

<0.001 

ND 

ND 

0.60 

0.31 

NO 

TiC(W)® 

ND 

ND 

ND 

0.07 

0.39 

0.22 

ND 

NO 

ND 

0.19 

0.50 

ND 

TiC{P)^ 

<0.01 

<0.001 

ND 

0.01 

<0.02 

<0.01 

<0.001 

ND 

ND 

0.07 

0.40 

ND 

^SN-502,  GTE  Chemical  and  Metallurgical  Division,  Towanda,  PA 
Silar  SC-9,  originally  AR'CO  Chemical  Co.,  Greer,  SC,  now  owned  by  Tateho  USA. 
UF-15  Lonza,  AG,  CL-4002,  Basel,  Switzerland 
“Cerac,  Milwaukee,  Wl 

®GTE  Laboratories  Incorporated,  Waltham,  MA 
'CA  Grade  Hermann  C.  Starck  Berlin,  NY,  NY 


The  Lonza  SiC  had  a  mean  particle  size  of  0.5  /im  and  a  surface  area  of  16.5  m^/g, 
while  the  mean  particle  size  of  the  Cerac  material  was  8  /^m  and  surface  area  0.3  m^/g. 
The  surface  area  of  the  TiC  powder  was  1.89  m^lg.  The  TiC  whiskers  had  an  average 
length  of  275  ;tm  and  average  diameter  of  5.1  /tm.  Figure  4b  shows  the  length  and 
diameter  size  distributions. 

The  Si3N4  powder  (GTE  SN502)  typically  contained  «  95%  a-Si3N4  and  «  6%  /3- 
Si3N4.  with  an  initial  surface  area  of  4.0  m^lg  measured  by  BET.  The  particles  had 
an  acicular  morphology. 

POWDER  PROCESSING 

The  baseline  Si3N4-AY6  material  was  milled  and  screened  prior  to  hot  pressing. 
For  the  particulate  composite  materials,  this  composition  was  milled  with  the  appro¬ 
priate  content  of  SiC  and  TiC.  Silicon  nitride  grinding  balls  were  used  in  aU  milling 
steps.  To  reduce  breakup  of  the  SiC  and  TiC  whiskers  during  milling,  an  alternative 
processing  route  was  employed  (Figure  5).  This  process  produced  good  dispersion 
of  the  whiskers,  but  did  cause  some  communition.  A  more  detailed  discussion  of  this 
process  is  included  in  the  discussion  of  Si3N4-SiC  whisker  composites. 

Hot  pressing  was  carried  out  using  BN-coated  graphite  dies  in  flowing  N2  atmos¬ 
phere  for  the  base  material  and  the  SiC  composites  and  flowing  argon  for  the  TiC  com¬ 
posites  to  avoid  nitridation.  The  hot-pressing  pressure  was  raised  to  the  maximum 
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in  a  stepwise  fashion  as  the  temperature  increased.  Maximum  pressure  was  reached 
at  1500“C  and  held  for  the  diuration  of  the  hot-pressing  cycle.  The  maximum 
temperature  employed  for  hot  pressing  was  <  1800  ®C. 


LENGTH  (urn) 


DIAMETER  (lam) 

(a) 


(T 


(b) 


Figure  4.  Size  Distribution  of  Whiskers  (a)  SiC  (ARCO  SC-9)  and  (b)  TiC  (GTEL) 


Figure  5.  Whisker  Composite  Process  Flow  Sheet 
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TEST  METHODS 

Modtdus  of  rupture  samples  were  rectangular  bars,  0.127  x  0.254  x  2.5  cm,  machined 
from  the  billets  with  the  tensile  face  perpendicular  to  the  hot-pressing  direction.  The 
machine  lay  was  parallel  to  the  length  of  the  bars  and  the  edges  were  chamfered. 
The  tensile  face  of  each  sample  weis  wet-polished  to  a  l-/tm  diamond  paste  finish. 

For  fracture  toughness  measurements  by  the  controlled  flaw  technique,'^  rem- 
domly  selected  groups  of  test  bars  of  the  monolithic  eind  the  composite  materials  were 
precracked  with  a  single  Knoop  indentation.  A  lOON  load  was  used,  with  the  long 
axis  of  the  indentation  aligned  perpendicular  to  the  tensile  stress  direction  of  the  bars. 
The  precracked  samples  were  annealed  in  argon  at  1200  ®C  in  order  to  relieve  the 
residual  stresses  produced  by  the  indentation  process. Test  bars  of  the  materials, 
both  precracked  and  nonprecracked,  were  broken  in  a  four-point  loading  fixture  placed 
in  a  trmgsten  mesh  furnace.  Inner  and  outer  loading  points  were  1.016  and  2.286  cm, 
respectively.  Room-temperature  testing  was  performed  in  air  and  high-temperature 
testing  in  flowing  eugon  with  a  minimum  of  three  specimens  tested  at  each 
temperature.  A  crosshead  speed  of  0.05  cm/min  was  used  for  all  tests.  The  fracture 
siufaces  of  each  broken,  precracked  test  bar  were  examined  by  opticcil  and  scaiming 
electron  microscopy,  emd  the  individual  induced  surface  flaw  sizes  were  measured 
from  photomicrographs.  Fracture  toughness,  Kjq,  was  calculated  using  the  relation¬ 
ships  given  in  Appendix  1. 

Samples  for  indentation  fracture  toughness  (IFT)  determination^^'^o  were  polished 
sections  cut  from  the  same  hot-pressed  billets  used  for  test  bars.  Polished  surfaces 
both  perpendicular  and  parallel  to  the  hot-pressing  direction  were  indented  for  investi¬ 
gations  of  anisotropy.  Microhardness  values  were  obtained  using  a  Knoop  indenter 
with  a  load  of  ION,  while  IFT  values  were  determined  using  a  Vickers  diamond  pyramid 
indenter  at  a  load  of  lOON. 

The  modulus  of  eleisticity  of  selected  materials  was  measured  at  room  temperattue 
in  directions  parallel  and  perpendicular  to  the  direction  of  applied  hot-pressing  load 
rising  the  pulse-echo  overlap  sonic  technique. 

The  thermed  expansion  coefficients  of  materials  were  determined  using  a 
dilatometer.  Samples  were  rectangular  (0.250  x  0.250  x  1 .000  in.)  bars.  Measurements 
were  made  in  an  inert  atmosphere  by  heating  the  bar  from  room  temperature  at  a 
constant  heating  rate,  interrupting  the  heating  and  allowing  the  bar  to  equilibriate, 
then  increasing  the  temperature  to  a  higher  level.  Seven  points  were  selected  for 
measurement  between  room  temperature  and  1400  °C. 

The  oxidation  tests  were  conducted  employing  MOR  bars  in  conventional 
laboratory  furnaces  for  20  to  1000  hours  exposure.  Specimens,  supported  on  Pt  wnres, 
are  v/eighed  prior  to  the  test  and  aifter  each  exposure  period.  All  oxidation  exposures 
were  in  an  ambient  laboratory  adr  environment  (relative  humidity  »  50%).  Moduli  of 
rupture  of  oxidized  samples  were  measured  as  previously  described. 

The  resistance  to  creep  at  elevated  temperature  weui  evaduated  by  two  methods. 
Specimens,  7.6  mm  by  3.8  mm  dia.  right  cylinders,  were  tested  in  compression  in 
nitrogen  in  the  temperature  range  1 150-1300  ®C.  Modulus  of  rupture  bars  were 
evaluated  at  1200  °C  in  a  four-point  loading  fixture  using  the  saune  spans  employed 
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for  fast  fracture  evaluation.  Tests  were  conducted  in  air  using  a  three-point  alumina 
probe  and  LVDT  configuration  to  measure  sample  deflection. 

Thermal  conductivity  was  determined  from  measurements  of  specific  heat 
(calorimeter  technique)  and  thermal  diffusivity  (laser  flash  technique).  Enthalpy-specific 
heat  measurements  were  made  using  the  drop-type  method.  In  this  approach,  specific 
heat  is  derived  as  the  slope  of  the  cvurve  describing  the  entheilpy  temperature  rela¬ 
tionship.  Enthalpy  is  measured  with  a  Brmsen-type  ice  calorimeter.  Specific  heat  is 
then  derived  from  the  enthalpy  data.  Enthalpy-specific  heat  measurements  made  by 
the  drop  ice  calorimeter  method  conform  generally  to  Specification  ASTM-D2766-83. 

Thermal  diffusivity  wets  measured  by  a  laser  pulse  method.  This  meeisurement 
method  conforms  generally  to  Specification  ASTM  C-714-72.  Thermal  conductivity  (X) 
was  calculated  using  the  following  relationship: 

\  =  a  Q  Cp 

where  X  -  thermal  conductivity 
a  =  thermal  diffusivity 
Cp  =  specific  heat 
Q  =  density 

Si3N4-TiC  SYSTEM 

The  selection  of  TiC  as  a  dispersoid  to  be  incorporated  in  a  Si3N4-based  matrix 
Wcis  based  oh  the  thermomechanical  properties  (Table  1),  which  suggest  its  potenticil 
to  provide  crack  deflection  in  a  Si3N4  matrix.  The  chemical  and  structural  character 
of  TiC  was  deemed  sxibstantially  different  from  SiC  to  allow  observation  of  effects  of 
these  parameters  on  composite  microstructufe  development  and  crack-particle 
interactions. 

Composites  with  Particulate  TiC 

Crack-particle  interaction  was  studied  in  a  Si3N4-TiC  composite  and  compared 
to  an  ecjuivalent  Al203-TiC  composite.  Residual  strain  produced  by  thermal  expan¬ 
sion  mismatch  in  these  two  composites  is  expected  to  be  of  opposite  sign. 

In  order  to  assess  the  residued  state  of  stress  at  the  interface  between  TiC  and 
ceramic  matrices  (Si3N4,  AI2O3),  a  computer  modeling  approach  was  used.  Figure  6a 
shows  the  model,  which  represents  a  spherical  particle  that  is  integrally  bonded  to 
the  ceramic  continuum.  The  model  was  reduced  to  a  two-dimensional  analysis  because 
of  the  symmetrical  nature  of  the  problem.  The  material  properties  used  to  compute 
the  residual  stresses  are  listed  in  Tcible  4. 

The  differences  between  thermal  exp2msion  coefficients  are  responsible  for  the 
themicil  strain  mismatch  at  the  matrix/particle  interface.  Figmes  6b-g  show  the  residual 
stress  when  a  temperatme  reduction  of  800  °C  from  the  densification  temperature  is 
applied  to  each  of  the  ceramic  composite  systems.  Inspection  of  the  principcil  stress 
disfributions  for  the  Al203-TiC  material  reveals  hoop  tensile  stresses  in  the  AI2O3  matrix, 
which  increase  at  the  interface.  The  principal  compressive  stresses  are  radicil  through 
the  TiC  particle  and  matrix,  with  an  additioncd  hoop  component  in  the  pauticle  region. 


STMESS  (P8I) 
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In  direct  contrast  is  the  Si3N4-TiC  composite,  which  reverses  the  tensile  and  com¬ 
pressive  principal  stress  distribution.  The  magnitude  of  the  normal  stresses  across 
the  particle/matrix  interface  is  greatest  for  the  Si3N4-TiC  system.  The  resulting  shear 
stress  (stress  xy)  is  essentially  invariant,  which  results  from  the  symmetrical  problem 
definition. 


Table  4.  Material  properties  used  for  finite  element  analyses 


Materials 

Modulus  of  Elasticity, 
E  (10^  psi) 

Poisson’s  Ratio 

V 

Coefficient  of  Thermal 
Expansion,  oc  {10'^I°C) 

Si3N4 

43 

0.26 

3.6 

A1203 

54 

0.23 

8.5 

TiC 

62 

0.19 

7A 

To  elucidate  crack-particle  interaction,  composites  contedning  TiC  single  crystals 
were  prepared,  indented  with  a  Vickers  indenter,  and  examined.  Two  basic  TiC  single¬ 
crystal  morphologies  were  observed  in  the  composite  microstructures,  elongated  rec¬ 
tangular  grains  with  { 100  }  planes  parallel  to  the  straight  edges  of  the  grain  and  more 
equiaxed  pseudohexagonal  cross  sections  of  crystals  whose  habit  is  defined  by  a  com¬ 
bination  of  {100}  and  {120}  planes.  For  the  Si3N4  matrix  composite,  crack  deflection 
aroimd  these  grains  weis  generally  not  observed.  However,  cleavage  steps  (deflection) 
were  observed  within  some  rectangular  grains  (Figure  7b).  Crack  penetration  of  the 
TiC  crystal  without  deflection  around  the  grains  was  the  primary  interaction  in  the 
majority  of  the  cases  observed. 

For  the  Al203-TiC  material,  the  crack-dispersoid  interaction  was  observe^  to  be 
dependent  on  dispersoid  morphology.  Cracks  were  observed  to  penetrate  rectancfular 
grains  (Figure  7e)  and  deflect  arovmd  pseudohexagonal  grains  (Figure  7d).  Deflection- 
induced  crack  bremching  was  edso  observed. 

These  observations  indicate  that  the  sign  of  the  thermal  expansion  mismatch  stress 
affects  the  tendency  for  crack  deflection  to  occur  for  TiC  crystals  which  cleave  readily 
on  {100}  planes.  The  radial  thermal  expansion  mismatch  stress  for  TiC  in  a  Si3N4  matrix 
is  tensile.  The  addition  of  the  tensile  stress  field  of  the  advancing  crack  to  the  residual 
stress  may  produce  TiC  cleavage  and  allow  the  crack  front  to  propagate  through  the 
dispersoid  phase  as  observed.  For  the  Al203-TiC  composite,  the  radial  thermal  expan¬ 
sion  mismatch  stress  is  compressive.  Apparently  this  reduces  the  tendency  for  cleavage 
with  the  appropriate  crack-dispersoid  orientation  (Figure  7d),  although  crystal  cleavage 
may  still  occur  if  the  crack  front  encounters  cleavage  planes  in  a  specific  direction 
(Figure  7e). 
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Figiire  7.  Crack-Dispersoid  Interactions:  (a-c)  Si3N4  (AY6)-TiC;  (d-e)  Al203-TiC 


The  investigations  have  demonstrated  effective  crack-dispersoid  interaction  and 
crack  deflection  in  both  composite  systems.  However,  the  examination  of  a  series  of 
composites  containing  up  to  30  v/o  TiC  has  shown  that  addition  of  particulate  TiC 
of  an  average  size  of  about  2  fivo.  (Figure  8)  produces  no  change  in  fracture  toughness 
despite  observed  crack-particle  interaction.  It  was  felt  that  absence  of  toughening  may 
be  a  conseguence  of  a  chemical  reaction  between  the  matrix  and  the  dispersoid  and 
associated  microstructureil  changes. 
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The  microstructure  of  Si3N4-30  v/o  TiC  particulate  composite  prepared  by  a  stan¬ 
dard  processing’  schedule  is  shown  in  Figure  9a.  Holding  at  the  densification 
temperature  for  an  extended  time  reveals  the  presence  of  a  reaction  product  zone 
around  TiC  grains  (Figure  9b).  It  has  been  shown^i  that  this  reaction  zone  is  com¬ 
posed  of  SiC  and  TiCo  sNo  s  crystals  which  form  at  elevated  temperatures  according 
to  the  reaction 

Si3N4  -h  6  TiC  =  3  SiC  -H  6  TiCo.gNo.B  +  1/2  Nz-  (1) 
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Figure  8.  Fracture  Toughness  of  Si3N4  (AY6)-TiC  (2  /tm)  Composites  As  a  Function 
of  Dispersoid  Content 


Iby  (« 


14 


At  the  densification  temperature,  the  reaction  can  proceed  (AG-j.  »  -30,000 
cal/mole)  until  all  TiC  is  consumed.  Hence,  if  the  reaction  is  carried  to  completion, 
the  properties  expected  from  such  a  composite,  which  were  based  on  the  properties 
of  the  starting  materials  and  their  respective  (volume)  quantities  in  the  composite  for¬ 
mulation,  will  not  be  realized  because  of  substantial  changes  in  the  phase  composi¬ 
tion.  Appropriate  adjustment  of  processing  parameters  (standard  processing  schedule. 
Figure  9a)  produces  a  composite  with  limited  reaction,  which  essentially  preserves 
the  dispersoid  properties  and  confines  the  reaction  to  a  very  narrow  zone  at  the  matrix- 
dispersoid  interphase  bormdary.  This  limited  reaction,  however,  afreets  the  matrix 
microstructure  development.  TEM  photomicrographs  of  the  dispersoid-free  and  the 
30  v/o  TiC-containing  Si3N4  composite  having  the  same  eunount  of  sintering  aids  and 
hot  pressed  identically  (Figure  10)  show  that  the  Si3N4  microstructure  of  the  TiC-free 
material  is  characterized  by  larger  Si3N4  grain  sizes  and  a  Si3N4  grain  size  distribu¬ 
tion  substantially  broader  than  that  of  the  TiC-containing  composite.  The  silicon  nitride 
grain  size  distributions  were  evaluated  using  quemtitative  microscopy  and  are  given 
in  Figure  11  as  relationships  between  the  Si3N4  equivalent  grain  diauneter*  and  its 
volume  percent  of  the  totad  Si3N4  content  in  each  material. 


Figure  10:  TEM  Bright  Field  Images  of  the  (a)  Dispersoid-Free  and  (b)  30  v/o  TiC- 
Containing  Si3N4  (AY6)  Composites 

The  observed  difference  in  Si3N4  grain  sizes  and  distributions  could  be  attributed 
to  the  difrerences  in  the  Si3N4  solution-precipitation  and  growth  behavior,  which  are 
apparently  influenced  by  Ti  present  in  the  glass  phase  of  Si3N4-TiC  composite  as  deter¬ 
mined  by  EDS  analysis  of  the  intergranular  glass  by  AEM  (Figure  12). 


*Diameter  of  a  circle  whose  area  is  equail  to  the  grain  area  meaisured  from  the 
photomicrograph. 


VOLUME  PERCENT  OF  TOTAL 
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°Sl3N4-  DsjjN^,  ,m 

(a)  (b) 

Figure  11.  Si3N4  Grain  Size  (Equivalent  Diameter)  Distribution  in  (a)  the  Si3N4  (AY6)- 
30  v/o  TiC  Composite  and  (b)  the  Si3N4  (AY6)  Monolith 


Figure  12.  Energy-Dispersive  X-ray  Spectrum  of  the  Glass  Region  (Indicated  by  a 
Circle  on  the  Upper  Photomicrograph)  in  the  Si3N4  (AY6)-30  v/o  TiC  Com¬ 
posite 
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One  of  the  goads  pursued  in  the  design  of  Si3N4-TiC  composites  was  to  improve 
the  matericd’s  fracture  toughness  by  one  of  the  ‘‘crack-TiC  particle”  interaction 
mechanisms.  As  was  described,  the  composite’s  fracture  toughness  remained  at  the 
level  of  the  Si3N4-monolith  at  best.  Crack  propagation  patterns  in  the  Si3N4  monolith 
and  the  Si3N4-30  v/o  TiC  hot-pressed  composites  were  exeimined  on  the  polished 
specimen  smfaces  cracked  with  a  single  Vickers  indenter  using  100  N  load  (Figure 
13).  The  patterns  show  that  amplitude  of  crack  deflection  in  the  composite  matrix  is 
considerably  smaller  than  that  observed  in  the  monohth. 

The  matrix  of  the  Si3N4-TiC  composite  is  characterized  by  a  Si3N4  grain  size  (0.17 
/tm)  that  is  less  than  hedf  that  of  the  monolith  (0.37  nm),  and  the  crack  propagation 
path  through  the  fine  grain  material,  fracturing  intergranularly,  should  be  less  tor¬ 
tuous  than  in  a  coarser  grain  counterpart  (Figure  13).  Figure  14  gives  an  example  of 
an  intergranular  crack  path. 


(a)  (b) 


Figure  13.  Crack  Propagation  in  (a)  a  Si3N4  (AY6)  Monolith  and  (b)  a  Si3N4  (AY6)-20  v/o 
TiC  Composite 

In  a  material  with  a  typical  intergrcmular  fractme,  it  is  reasonable  to  expect  that 
the  energy  expended  to  propagate  the  crack  is  directly  proportional  to  the  frequency 
and  amplitude  of  crack  deflection.  Crack  length  (surface)  does  not  increase  with  an 
increase  in  grain  size  (Figmre  15). 

In  a  homogeneous  elastic  solid,  fracture  toughness  Kjq  is  directly  proportional 
to  the  square  root  of  the  product  of  elastic  modulus  and  the  energy  (7)  required  to 
create  a  new  surface: 

Kjq  =  V2E7  (2) 

However,  in  polycrystaUine  ceramics,  surface  energy  calculated  from  experimen¬ 
tally  determined  values  of  Kjq  and  E  varies  broadly  from  those  c€dculated  from  bond 
strengths.  The  difference  is  due  to  the  presence  of  intergremulcir  fracture  and  grain 
size/shape  effects.  It  seems  then  plausible  to  assume  that  if  a  polycrystalline  solid  frac¬ 
tures  intergranulcurly,  the  measured  fractmre  toughness  is  proportional  to  the  product 
of  intergranular  bond  strength  (srnface  energy  for  intergranular  fracture  yj)  and  a  func¬ 
tion  of  grain  size  and  shap>e,  f(D): 


Figure  14.  Intergranular  Crack  Path  and  Deflection  in  a  Matrix  of  Si3N4  (AY6)-30  v/o 
TiC  Composite 


Figure  15.  Model  of  Crack  Deflection  Dependency  on  Greun  Size 
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Kq  =  V2E7i  fp)  (3) 

The  e3q)ected  change  in  fracture  toughness  due  to  grain  size  can  then  be  expressed 
as 

dKc  =  E7idfp)/KQ  df(D)  =  f'(D)dD  (4) 

or 

dK^  =  VE7i/2f(D)«df{P).  .  (5) 

If  we  Ekssume  that  f(D)  in  the  absence  of  grain  shape  change  is  simply  D  to  cal¬ 
culate  the  change  of  Kq  due  to  change  of  grain  size  (without  change  in  fracture  mode 
and  7j),  one  would  only  need  to  knoW  Kq  and  D  values  for  one  beiseline  structure  K^, 
D®,  then 

dKc  =  Va  Kcdf(D)/Vf(D)f(D*‘)  (6) 

and  substituting  f(D)  =  D 

dK^  =  V2  KQ(dD/>/ra®).  (7) 

For  small  changes  in  grain  size,  eq.  (7)  below  provides  a  good  approximation:  (20) 

dKc  «  Va  Kc(dD/D°)  (8) 

Remembering' that  the  relationships  above  were  derived  for  intergranular  frac¬ 
ture  only,  assessment  of  grrain  size  effects  in  real  structures  has  also  to  consider  their 
diminished  contributions  in  mixed  mode  fracture,  which  would,  for  example,  in  a  50:50 
intergranular/transgranular  mode  reduce  the  cIKq  by  one  hEilf. 

Based  on  these  assumptions,  the  fracture  toughness  of  the  composite  can  be 
similarly  estimated  using  appropriate  fractional  contributions  of  the  matrix  and  disper- 
soid  greiin  size.  According  to  this  cmcilysis,  if  there  is  no  chemge  in  fractmre  mode  or 
other  microstruCtural  features,  the  interaction  of  the  advemcing  crack  front  ■with  finer 
dispersoids  (i.e.,  smEiUer  than  the  matrix  greiins)  should  result  in  a  toughness  reduc¬ 
tion  and  its  interaction  with  coarse  dispersoid  in  an  increase  of  the  composite  frac¬ 
ture  toughness  due  to  the  change  in  amplitude  of  crack  deflection.  This  model  has 
made  it  easier  to  rationalize  the  toughening  behavior  in  various  composite  ceramics. 

According  to  the  proposed  relationship,  eq.  (7),  the  expected  change  in  fractme 
toughness  (AKq)  due  to  gredn  size  is 

AKq  =  CK^(D/D®-1).  (9) 

A  typical  indentation  fracture  toughness  vedue  measinred  on  a  hot-pressed  Si3N4 
monolith  is  Kq  =  4.1  MPa»mV2  (IFT),  with  the  average  Si3N4  grain  size  D°  =  0.37  /on. 
The  expected  change  in  fracture  toughness,  due  to  reduced  grain  size  (D  =  0.17  fim), 
is  represented  by  AKq  =  -0.5  MPa^m’/z.  This  calculation  assumes  50%  intergranuleir 
fracture  (see  page  16  ).  Assuming  that  there  is  no  major  change  in  the  relative  amoimt 
of  energy  required  to  fracture  the  intergranular  phase  or  in  the  eimoxmt  of  an  inter¬ 
granular  fracture,  the  fracture  toughness  of  4.3  (30  v/o)  MPa»m’/2  measmred  for  Si3N4 
-  30  v/o  TiC  composite  is  a  product  of  fracture  toughness  provided  by  the  crack  deflec¬ 
tion  in  Si3N4  matrix  and  by  TiC  dispersoid,  where  TiC  provides  toughness  increase 
over  the  Si3N4  monolith  of  finer  (0.17  /tm)  grain  size.  Although  it  is  clear  from  the  discus- 
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Sion  presented  above  that  incorporation  of  a  hard  dispersoid  of  a  given  (2  nm)  grain 
size  into  Si3N4  matrix  could  potentially  provide  an  increase  in  the  composite  fracture 
toughness,  this  effect  is  paralleled  by  the  lower  fracture  toughness  as  a  result  of  a 
finer  Si3N4  grain  size  due  to  the  Si3N4-TiC  reaction  during  densification.  This  effect 
may  be  reduced  through  utilization  of  coated  TiC  dispersoids. 

The  properties  of  Si3N4-TiC  particulate  composites  are  summarized  in  Table  5. 
Addition  of  TiC  increases  the  elastic  modulus  and  decreases  the  Poisson’s  ratio. 
Moduliis  of  rupture  is  also  reduced.  This  reduction  can  be  attributed  to  an  increase 
in  flaw  size  due  to 'TiC  particle  agglomeration. 

Table  5.  Mechanical  properties  of  Si3N4  (AY6)  —  TiC  particulate  composites 


BSaterial 

MOR 

(MPa) 

IFT 

(MPa^m*'''*) 

Young's 

Modulus 

(GPa) 

Poisson's 

Ratio 

Shear 

Modulus 

(GPa) 

Bulk 

Modulus 

(GPa) 

AY6 

773  ±  67 

4.1  ±  0.1 

297 

0.27 

116 

218 

AY6  +  10  v/o  TiC 

669  ±  41 

4.1  ±0.1 

317 

0.28 

124 

240 

AY6  +  20  v/o  TiC 

557  ±  42 

4.1  ±  0.3 

332 

0-26 

132 

228 

AY6  +  30  v/o  TiC 

582  ±  35 

4.3  ±  0.2 

349 

0.24 

141 

225 

Composites  with  TiC  Whiskers 

Preparation  of  the  composites  containing  TiC  whiskers  followed  the  procedxires 
previously  described  and  illustrated  in  Figure  5.  For  10  and  20  v/o  whisker  loadings, 
hot  pressing  to  full  density  was  achieved  in  100  minutes,  while  220  minutes  was 
required  for  the  30  v/o  composite.  The  meeismed  densities  for  all  three  compositions 
were  greater  them  the  values  cedculated  using  the  rule  of  mixtures  for  the  individual 
components.  X-ray  analysis  of  all  hot-pressed  billets  showed  the  presence  of  j3-Si3N4, 
TiC,  and  a  solid  solution  of  Ti(C,N).  The  presence  of  the  solid  solution  phase  may  accoimt 
for  the  increase  in  the  measured  density  values. 

Processing  of  the  TiC  whiskers  using  the  homogenization  step  leads  to  shorten¬ 
ing  of  the  whisker.  Figure  16  shows  the  shortened  whiskers  in  a  low  volume  loaded 
hot-pressed  composite.  This  figure  also  illustrates  the  range  of  whisker  sizes  (diameters 
and  lengths)  which  were  observed. 

Densification  of  the  whisker-conttiining  composite,  due  to  retarded  particle  rear¬ 
rangement,  required  extended  sintering  time,  which  increased  the  extent  of  matrix- 
dispemoid  chemical  reactions.  Large  whisker  size  and  reactions  with  the  matrix 
adversely  affect  the  strength  of  the  composite  (Teible  6). 


Figxire  16.  Micarostructtire  of  a  Si3N4  (AY6)  +  10  v/o  TiC  Whisker  Composite 


Table  6.  Mechanical  properties  of  Si3N4  —  TiC  whisker  composites 


Material 

MOR 

(MPa) 

IFT 

(MPa*m’^) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

Shear 

Modulus 

(GPa) 

Bulk 

Modulus 

(GPa) 

AY6  +  10  v/o  TiC 

412  ±  24 

4.1  ±0.1 

291 

0.25 

117 

192 

AY6  +  20  v/o  TiC 

375  ±  17 

4.4  ±0.2 

286 

0.23 

116 

177 

AY6  +  30  v/o  TiC 

345  ±  6 

6.1  ±1.8 

287 

0.21 

119 

164 

In  lig'ht  of  the  above  observations,  it  has  become  apparent  that  attainment  of 
simultaneous  fracture  toughness  and  strength  improvements  would  reguire  complex 
process  modifications.  It  was  therefore  considered  more  expeditious  to  concenfrate 
on  the  Si3N4-SiC  system. 
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Si3N4-SiC  SYSTEM 

The  high  modulus  of  elasticity  of  SiC  ahd  the  stress  produced  by  elastic  modulus 
and  thermal  expansion  mismatch  at  the  matrix-dispersoid  interface  is  expected  to 
invoke  the  crack  deflection  mechanism.  Higher  chemical  stability  of  SiC  in  contrast 
with  TiC  provides  for  better  control  of  microstructure  development  during  densification. 

Composites  with  Particulate  SiC 

The  fracture  toughness  of  the  Si3N4  composites  containing  fine  («  0.5  #tm  APD) 
SiC  particles,  as  measured  by  the  controlled  surface  flaw  technique,  was  found  to 
decrease  with  increasing  dispersoid  content,  while  that  of  the  composites  containing 
coarser  (8  (an  APD)  SiC  particles  was  observed  to  increase  slightly  up  to  30  v/o  dispersed 
second  phase  (Figure  17).  However,  the  limited  increases  in  fracture  toughness  deviated 
considerably  from  predictions  based  on  toughening  models.  Since  dispersoids  have 
to  meet  a  certeiin  mininmm  size  requirement,  writh  respect  to  the  matrix  grain  size, 
as  well  as  elastic  modulus  and  thermeil  expansion  coefficient  mismatch  criteria  in  order 
to  effect  toughening  by  crack  deflection,  the  matrix  grain  size  is  apparently  larger  than 
0.5  (tin  and  somewhat  smaller  than  8.0  (tm.  Therefore,  it  is  expected  that  if  there  is 
no  change  in  fracture  mode  or  other  microstructural  features,  the  interaction  of  the 
advancing  crack  front  with  the  finer  dispersoids,  i.e.,  smaller  than  the  matrix  grams, 
would  resTilt  in  a  reduction  of  the  composite  fracture  toughness  due  to  the  diminished 
ampUtude  of  crack  deflection. 


Figure  17:  Room-Temperature  Fracture  Toughness  of  Si3N4  (AY6)-Based  Composites 
Containing  0.5  /on  or  8.0  (on  SiC  Particles 

The  addition  of  coarse  SiC  particles  with  a  size  larger  than  the  matrix  grains  would 
in  turn  be  expected  to  increase  the  fracture  toughness  of  the  composite.  These  obser- 
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vations  are  supported  by  other  published  data  for  Si3N4  matrix-SiC  particulate  com¬ 
posites, containing  various  sintering  aids.  The  fracture  toughness  of  SiC-Si3N4  com¬ 
posites  has  been  observed  to  decrease  with  increasing  concentration  of  submicron 
SiC.2  Another  study^  has  indicated  that  smaller  dispersoids  of  a  5-9  ^m  particle  size 
do  not  promote  toughening,  but  indeed  decrease  the  fracture  energy  (toughness). 
Increases  in  toughness  were  observed  only  for  coarse,  32-/im  dispersoids  (Figure  18). 


VOLUME  FRACTION  OF  SiC  DISPERSION 
IN  Si3N4  MATRIX 


Figure  18:  Fracture  Energy  of  SiC  Particulate/Si3N4  Composites  As  a  Function  of 
Dispersoid  Content  and  Size^ 

Since  processing  in  the  presence  of  a  dispersoid  cdters  the  matrix-microstructure 
development  during  consolidation,  rationalization  of  the  above  results  would  reguire 
complete  characterization  of  the  composite  microstructure.  It  is  nevertheless  con¬ 
ceivable  that  toughening  of  Si3N4  ceramics  may  require  relatively  coarse  particulate 
dispersoids,  since  the  eflfective  grain  size  in  the  monolithic  materials  is  amplified  by 
the  acicular  nature  of  Si3N4,  which  reduces  the  effectiveness  of  equiaxed  particulates 
as  toughening  agents.  Under  these  circumstances,  use  of  whisker  dispersoids  pro¬ 
vides  a  better  option. 

Silicon  nitride  composites  with  SiC  pauticulate  dispersoids  densified  readily.  Com¬ 
paction  rate  in  hot  pressing  was  only  slightly  lower  than  that  of  matrix  material.  Com¬ 
posites  with  dispersoids  of  8  ^m  average  peirticle  size  exhibited  strength  equal  to  or 
higher  than  that  of  the  beise  monolith  (Table  7),  and  while  they  appeared  to  have 
somewhat  higher  strength  at  1000  ®C,  their  MOR  at  1200  ®C  was  essentially  equivalent 
to  that  of  the  monolith.  The  fracture  toughness  dependence  on  temperature  showed 
a  similar  trend. 


23 


Table  7.  Fracture  toughness,  modulus  of  rupture,  and  elastic  constants  of  Si3N4  (AY6) 
composites  with  SiC  (8  /tm)  particulates  at  room  and  elevated  temperatures 


Fracture  Toughness  (MPa^m^^^^)* 


Material 

20®C 

1000°C 

1200 °C 

AY6 

4.6  ±  0.2 

4.9  ±  0.3 

6.1 

AY6  -1- 10  v/o  SiC 

5.0  ±  0.6 

5.9  ±0.1 

5.9 

AY6  +  20  v/o  SiC 

4.8  ±  0.1 

5.9  ±0.1 

5.8 

AY6  +  30  v/o  SiC 

4.9  ±  0.2 

5.7  ±0.1 

5.7 

Modulus 

of  Rupture  (MPa) 

Material 

20  °C 

1000®C 

1200 "C 

AY6 

773  ±  67 

585  ±  14 

486  ±  43 

AY6  +  10  v/o  SiC 

950  ±  56 

778  ±  6 

517  ±  12 

AY6  +  20  v/o  SiC 

763  ±  67 

715  ±  62 

451  ±  33 

AY6  +  30  v/o  SiC 

885  ±  64 

809  ±  31 

466  ±  7 

Material 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

Shear 

Modulus 

(GPa) 

Bulk 

Modulus 

(GPa) 

AY6  +  10  v/o  SiC 

320 

0.26 

127 

225 

AY6  +  20  v/o  SiC 

338 

0.25 

136 

223 

AY6  -H  30  v/o  SiC 

336 

0.25 

134 

225 

‘Controlled  flaw  technique 

Composites  with  SiC  Whiskers 

Powder  Processing.  Processes  for  whisker  fabrication  are  still  being  developed 

anrt  yield  materials  with  broad  size  distribution.  As-received  whiskers  contain  sub¬ 
micron  particles  and,  more  importantly,  Imge  particles  and  hetrd  whisker  aggregates. 
These  aggregates  and  particulates,  if  processed  into  the  composite,  may  act  eis  a  frac¬ 
ture  origin  and  reduce  the  composite  strength.  Particles  of  various  sizes  were  separated 
using  a  sedimentation  column,  which  allows  removed  of  whisker/particle  suspension 
at  three  different  levels.  For  a  given  time  of  settling,  the  top  portion  of  liquid  contains 
the  finest  particles  emd  floating  debris,  the  bottom  portion,  the  leugest  particles,  which 
are  to  be  removed,  emd  the  middle,  a  range  of  sizes  between  the  two. 
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Figiire  19  shows  particulate  material  obtained  from  the  top  section  of  the  column. 
SEM/EDS  analysis  of  these  particles  shows  the  presence  of  Zn,  Mn,  Mg,  K,  Ca,  and 
P,  which  are  probably  remnants  of  the  whisker  precursor. 


Figure  19:  Particulate  Material  Contained  in  ARCO  SiC  Whiskers 


Whiskers  were  separated  with  a  minimum  of  98.8  %  of  the  material  being  recovered 
after  separation.  Table  8  shows  the  average  length  and  relative  amounts  in  each  sec¬ 
tion  (top,  middle,  and  bottom)  for  a  typical  separation,  using  a  settling  time  which 
would  allow  particles  with  a  10-/tm  radius  or  larger  to  settle  to  the  bottom  of  the  col¬ 
umn.  It  was  not  anticipated  that  whiskers  could  be  sharply  separated  by  size  using 
such  a  column.  Approximately  70%  (middle  section)  of  the  starting  material  was 
deemed  of  appropriate  quality  for  composite  fabrication. 

Table  8.  Average  whisker  lengths  and  relative  amounts  obtained  from 
separated  column  levels 


Material 

Average  Whisker  Length  (pun)  After  Separation 

ARCO  (SC-9) 

As-Received  Top  Middle  Bottom 

17.5  ±12.6  19.0  ±8.7  17.5  ±  9.5  29.3  ±  14.5 

1  Relative  Amounts  of  Whiskers  (%)  After  Separation 

ARCO  (SC-9) 

Top  Middle  Bottom 

29.7  68.3  1.9 
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Initial  composite  powders  were  prepared  by  simple  dry  mixing  of  preprocessed 
Si3N4  +  6W/0Y2O3  +  1.5  w/o  AI2O3  with  the  as-received  SiC  whiskers.  Microstruc- 
tural  observation  of  polished  sections  from  hot  pressed  samples  showed  poor  disper¬ 
sion  of  the  whiskers.  To  obtedn  better  whisker  dispersion,  the  processing  route  pre¬ 
viously  described  was  used.  This  process  produced  excellent  dispersion  in  the  hot 
pressed  composite  (Figure  20). 


Figure  20:  Microstructure  of  Si3N4  (AY6)-20  v/o  SiC  Whisker  Composites 

To  determine  the  extent  of  damage  to  the  SiC  whiskers  dining  processing, 
whiskers  or  whisker/powder  mixtures  were  sampled  after  different  process  steps,  and 
the  lengths  were  determined  from  SEM  photomicrographs.  Table  9  gives  the  results 
of  whisker  length  measurements  and  the  resultant  whisker  aspect  ratio  (L/D)  at  various 
process  steps.  As-received  whiskers  have  an  average  diameter  of  0.53  ±  0.19  /tm. 

Testing  after  homogenization,  which  is  the  harshest  processing  step,  shows  the 
SiC  whisker  lengths  reduced  by  a  factor  of  »  3.  Examination  of  the  whisker  lengths 
from  a  fully  dense  hot-pressed  s€imple  confirms  the  observation  and  indicates  that 
limited  decrease  in  lengths  may  be  occurring  during  hot  pressing. 

The  mechaniced  properties  of  composites  containing  30  v/o  of  as-received  SiC 
whiskers  are  given  in  Table  10.  As  can  be  seen,  the  application  of  as-received  whiskers 
results  in  a  »  20%  reduced  MOR,  despite  up  to  40%  increased  fracture  toughness 
over  that  of  base  AY6  material. 
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Table  9.  Characterization  of  SiC  whisker  lengths  after  various  process  steps 


Processing  Step 

Average  Length  (/un)/ 

No.  of  Whisker  Counted 

Aspect  Ratio 

As-Received 

17.5  ±  12.0/1574 

33 

After  Sedimentation 

17.5  ±  9.4/1430 

33 

After  Homogenization 

5  ±  3/1439 

10 

Hot-Pressed  Composite 

6  ±  3/1180 

12 

Table  10.  Mechanical  properties  comparison  of  Si3N4  (AY6)-30  v/o  SiC  whisker  com¬ 
posites  containing  As-received  or  separated  whiskers 


Matericd 

Kic  (MPa*m'/2j 

MOR  (MPa) 

Calculated 

Flaw  Size  (/tm) 

As-Received 

6.0  ±  0.1 

597  ±  5 

65 

Separated 

6.4  ±  0.5 

975  ±  39 

28 

AY6  Monolith 

4.7  ±  0.3 

773  ±  67 

24 

Based  on  these  results,  whisker  beneficiation  by  water  column  separation  was 
incorporated  in  the  process  to  fabricate  composites. 


Densification.  The  densification  rates  of  the  Si3N4-based  materials  were  fotmd 

to  be  affected  by  additions  of  SiC  whisker  dispersoids.  Increasing  contents  of  SiC 
whiskers  were  observed  to  decrease  the  densification  rates  of  the  composites  relative 
to  monolithic  Si3N4;  composite  materials  therefore  required  extended  times  to  achieve 
full  density. 

To  observe  the  differences  in  densification  rates,  the  ram  travel  during  hot  press¬ 
ing  was  recorded  as  a  function  of  time  using  a  dial  gauge,  and  these  data  were  con¬ 
verted  to  relative  density.  Time  zero  for  the  plots  in  Figure  21  indicates  the  time  when 
maximum  temperature  was  reached.  The  end-point  criterion  for  each  nm  was  a 
decrease  in  compaction  rate  to  2  x  lO-*  cm/min  of  ram  travel,  which  from  experience 
has  been  found  to  yield  high  density  ( >  99  %  of  calculated  theoretical)  for  Si3N4-based 
ceramics. 

Fracture  Strength  and  Toughness.  The  room-temperature  fracture  toughness, 

measured  by  the  controlled  surface  flaw  technique  of  Si3N4-SiC  whisker  composites 
densified  by  the  schedules  shown  in  Figure  21,  is  presented  in  Figure  22.  Elastic  prop- 
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HOT  PRESSING  TIME  (min) 

Figure  21:  Densification  of  Si3N4  (AY6)-Based  Ceramics 

erty  measurements  of  selected  materieds  indicated  an  insignificcmt  degree  of 
euiisotrophy  and  a  slight  increase  in  Young’s  modulvis,  resulting  from  dispersoid 
additions  (Table  1 1).  The  fracture  toughness  increased  to  a  value  of  6.4  ±0.5  MPa»m’^^2 
for  the  composite  containing  30  v/o  SiC  whiskers.  This  represents  an  approximate  40  % 
increase  in  Kjq  for  this  composite,  compared  to  the  monolith.  Figure  23  compeires  the 
fracture  surfaces  of  the  Si3N4  euid  a  30  v/o  SiC  whisker  composite  broken  at  room 
temperature.  Numerous  depressions  caused  by  fracture  around  the  whiskers  eind 
occasional  whisker  cavities  and  protruding  whiskers  are  indications  that  crack  deflec¬ 
tion  and  limited  whisker  puUout  may  contribute  to  toughening.  Additions  of  whiskers 
above  30  v/o  further  increase  the  difficulties  in  both  whisker  dispersion  and  densifica¬ 
tion.  Nevertheless,  at  the  level  of  35  v/o  a  fracture  toughness  of  8.3  ±0.7  (75  %  increase) 
was  obtained.  Modulus  of  rupture  of  this  composite  was  equivalent  to  that  of  the 
baseline  (AY6)  monolith. 


Figure  22:  Room-Temperature  Fracture  Toughness  of  Si3N4  (AY6)-SiC  Whisker 
Composites 
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Table  11.  Elastic  constcints  for  Si3N4  (AY6)  and  Si3N4  (AY6)-SiC  whisker  composites 


Material 

Young's 

Modulus 

(GPa) 

Par*  Per** 

Poisson’s 

Ratio 

Shear 

Modulus 

(GPa) 

Bulk 

Modulus 

(GPa) 

AY6 

297 

299 

0.27 

116 

218 

AY6  +  10  SiCw 

311 

— 

0.28 

123 

228 

AY6  +  20  SiCw 

311 

325 

0.26 

127 

223 

AY6  +  30  SiCw 

333 

340 

0.26 

113 

234 

*  Par  -  measured  in  plane  parallel  to  hot-pressed  direction 
**  Per  -  measured  in  plane  perpendicular  to  hot-pressed  direction 


SigN^  (2  w/o  AI2O3  +  6  w/o  YgOg)  +  10  v/o  SiCW  (SC-9)  +  30  v/o  SiCW  (SC-9) 

Figure  23.  Fracture  Surfaces  of  Si3N4  (AY6)-Based  Ceramics  Broken  at  Room 
Temperature 

The  room  temperatxire  strength  of  the  30  v/o  whisker  composite  increased  by  25  % 
compared  to  the  base  monolith  (Figure  24).  Although  increased  fracture  toughness 
and  strength  have  been  reported  for  SiC  whisker  additions  to  alumina  and  mullite,^^ 
reported  results  for  SiC  whisker  additions  to  Si3N4  have  shown  increases  in  fracture 
toughness  and  decreases  in  modulus  of  rupture,  which  were  attributed  to  large  proc¬ 
essing  flaws,  some  of  which  were  whisker-related,  and  microcracking  at  tips  of  SiC 
whiskers. The  results  of  the  present  study  illustrate  that  simultaneous  increases  in 
strength  and  fracture  toughness  can  be  achieved.  Higher  strength  is  generedly  observed 
at  room  as  well  as  elevated  temperatures  (Figure  25).  Fractography  of  samples  broken 
at  high  temperature  again  showed  evidence  of  both  crack  deflection  and  whisker 
pullout.  A  change  in  the  degree  of  the  pullout  contribution  to  property  enhancement 
at  elevated  temperatiire  was  not  evident. 
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Figure  24.  Room-Temperature  Modulus  of  Rupture  of  Si3N4  (AY6)-SiC  Whisker 
Composites 


Figure  25.  Fracture  Toughness  (Kjq)  and  Modulus  of  Rupture  (MOR)  of  Si3N4  (AY6)- 
SiC  Whisker  Composites  at  (a)  1000°C  emd  (b)  1200  °C 


In  order  to  assess  the  anisotropy  of  mechanical  properties  of  the  hot-pressed 
nf^Taniirs,  indentation  fracture  toughness  was  measured  both  parallel  and  perpendicular 
to  the  hot-pressing  axes  in  a  plane  parallel  to  the  hot-pressing  direction  and  in  two 
directions  90®  from  each  other  in  a  pleme  perpendicular  to  the  hot-pressing  direction. 

The  results  (Table  12)  indicate  that  anisotropy  in  fracture  toughness  exists  for 
all  hot-pressed  materials.  The  IFT  in  a  plane  perpendicular  to  the  hot-pressing  direction 


MOR  (MPa) 
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was  lower  in  all  cases  than  that  measured  parallel  to  the  hot-pressing  direction.  For 
the  whisker-coiitaining  composites,  the  degree  of  anisotropy  increased  with  increas¬ 
ing  whisker  content,  due  to  whisker  and  aciculcir  Si3N4  grain  alignment. 

Table  12.  Indentation  fracture  toughness  anisotropy  in  hot-pressed  silicon  nitride- 
based  ceramics 
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HPD 

Figure  26.  Indentation-Induced  Crack  Propagation 

In  order  to  examine  the  interdependence  of  microstructures  and  properties  of  the 
matrix  material  in  this  study,  the  base  monolithic  Si3N4  composition  was  hot  pressed 
for  an  extended  time  to  promote  grain  growth.  This  microstructural  modification 
resulted  in  an  increase  in  the  room-temperature  fracture  toughness  from  4.7  ±  0.3 
MPa»mV2  to  5.4  ±  0.5  MPa»m^/2,  with  a  concomitant  increase  in  modulus  of  rupture 
from  773  ±  67  MPa  to  896  ±  29  MPa  for  the  monoliths  hot  pressed  for  90  minutes 
and  400  minutes,  respectively.  The  increased  time  at  densification  temperafrire  resulted 
in  growrth  of  the  |8-Si3N4  grains,  as  indicated  by  observing  surfaces  of  MOR  bars  broken 
at  room  temperature  (Figure  27),  which  produced  increased  Kjq  and  MOR. 
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Figure  27.  Fracture  Surface  of  Silicon  Nitride  Base  Material  Held  at  Sintering 
Temperature  for  (a)  90  min  eind  (b)  400  min 

As  with  the  monolithic  Si3N4,  variations  in  the  densification  parameters  (Figure 
21)  of  the  composites  are  anticipated  to  result  in  differences  in  matrix  microstructures 
and  hence  mechanical  properties.  It  follows  that  the  resultant  matrix  microstructures 
of  the  densified  composites  may  not  be  identical  in  greiin  size  distribution.  Hence, 
the  toughening  behavior  observed  through  whisker  additions  would  not  be  expected 
to  be  a  singular  function  such  as  that  based  on  models  which  assume  a  homogenous 
continuum  matrix.  The  observed  functional  dependence  consists  of  individual  points 
on  a  family  of  toughening  curves,  each  point  depending  on  the  microstructure  of  the 
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individual  composite  matrix,  since  the  degree  of  toughening  achieved  with  a  whisker 
dispersoid  is  dependent  upon  its  size  relative  to  the  polycrystalline  matrix  grain  size. 

To  test  the  proposed  behavior,  two  sets  of  Si3N4-(0-30)  v/o  SiC  whisker  composites 
were  hot  pressed  at  the  same  temperature  using  two  densification  schedules.  The 
first  schedule  weis  based  on  the  shortest  time  necessary  to  achieve  a  complete  a-jS 
313^4  conversion  and  « 100%  theoretical  density.  The  second  one  was  to  extend  time 
to  400  min  for  each  composition  to  provide  the  ecpiivcilent  conditions  for  Si3N4  grain 
growth.  The  resulting  microstructures  were  exeimined  by  quantitative  metallographic 
analysis,  and  the  Si3N4  grain  size  and  distribution  determined  from  STEM  micrographs 
at  25,000X  magnification.  Figure  28  gives  an  example  of  Si3N4  +  20  v/o  SiC  whisker 
microstructure  and  Si3N4  grain  size  distribution  for  composites  hot  pressed  for  210 
min  and  400  min.  Table  13  contains  the  quantitative  metallographic  analysis  on  all 
excimined  composites  and  the  associated  fracture  toughness  values. 

Table  13.  Grain  size  and  fracture  toughness  data  of  Si3N4  (AY6)-SiC  whisker 
composites 


Material 

Hot-Pressing 

Time 

(min) 

SisNa  Grain* 
Size 
ifim) 

■H 

Kic 

(MPa»m‘''2) 

AY6 

90 

0.37 

0.27 

4.7  ±  0.3 

AY6 

400 

0.59 

0.41 

5.4  ±  0.5 

AY6-10  v/o  SiCw 

110 

0.36 

0.24 

4.4  ±  0.1 

AY6-10  v/o  SiCw 

400 

0.47 

0.30 

6.0  ±0.1 

AY6-20  v/o  SiCw 

210 

0.24 

0.14 

4.8  ±  0.3 

AY6-20  v/o  SiCw 

400 

0.49 

0.32 

5.9  ±  0.8 

AY6-30  v/o  SiCw 

400 

0.36 

0.24 

6.4  ±0.5 

♦Equivalent  diameter 
♦♦Controlled  surface  flaw  technique 


Figure  29  and  Table  13  show  that  an  increased  fracture  toughness  of  composites 
hot  pressed  for  400  min  is  clearly  due  to  the  combined  effect  of  a  well-developed  matrix 
microstructure  and  the  additional  toughening  effect  of  SiC  whiskers.  In  order  to  assess 
the  applicability  of  the  proposed  relationship  between  the  grain  size  and  the  resulting 
composite  fracture  toughness  to  predict  an  expected  composite  fracture  toughness 
using  the  microstructural  parcuneters,  the  Kjq  of  the  composites  listed  in  Table  13 
were  calculated  using  equation  (7)  for  all  seven  compositions.  Figure  29  indicates  that 
the  dependence  resulting  from  using  the  calculated  Kjq  vedues  (the  dashed  lines) 
approximates  to  a  substantial  degree  the  one  based  on  actual  measurements,  despite 
the  assumption  that  both  matrix  and  whisker  dispersoid  gredns  are  equiaxed.  Although 


the  average  SiC  whisker  aspect  ratio  is  6.0  in  the  hot-pressed  composites,  the  average 
SiC  equivalent  grain  diameter  Dg^Q  =  1.95  /tm  was  used  in  the  calculations. 


Figure  28.  TEM  Bright  Field  Images  and  the  Si3N4  Grain  Size  (Equivalent  Diameter) 
Distributions  in  the  Si3N4-20  v/o  SiC  Whisker  Composites  Hot  Pressed 
for  (a)  210  min  emd  (b)  400  min 


Figme  29.  Comparison  Between  the  Measured  emd  Calculated  Kjq  Values  vs  SiC 
Content  for  AY6-(0-30)  v/o  SiC  Whisker  Composites  Hot  Pressed  for  (a) 
400  min  HP  and  (b)  Minimum  Time  to  Full  Density 
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Based  on  these  observations,  it  is  apparent  that  in  the  case  of  discontinuous  com¬ 
posites  that  fracture  in  an  intergranular  mode,  the  matrix  grain  size  influences  the 
choice  of  the  dispersoid  size  and,  therefore,  the  relationship  between  these  two  should 
be  taken  into  consideration. 

The  actual  shape  distribution  of  Si3N4  grrains  in  AY6-20  v/o  SiC  hot  pressed  for 
210  min  and  400  min  was  evsduated  using  quantitative  microscopy  and  is  shown  in 
Figure  30.  The  form  factor  varies  between  zero  and  1.0,  with  F  =  1.0  corresponding 
to  an  equiaxed  or  circular  grain  shape  and  0.0 <F<  1.0  describing  a  deviation  from 
an  equiaxed  (spherical)  toward  more  elongated  shapes.  The  average  aspect  ratio  for 
Si3N4  grains  calculated  using  the  data  from  Figures  28  and  30  was  (Id  =  1.5  in  the 
210  min  specimen  and  (Id  =  1.8  in  the  400  min  specimen.  These  data  indicate  that 
the  Si3N4  grain  growth  rate  is  rather  slow,  that  the  grain  growth  is,  for  the  most  part, 
planar,  and  that  the  Si3N4  grain  aspect  ratio  is  maintained  at  a  low  and  constant  level, 
independent  of  sintering  time. 


210  min  HP 


FORM  FACTOR 


400  min  HP 


Figiure  30.  Shape  Distribution  of  Si3N4  Grains  in  AY6-20  v/o  SiC  Whisker  Composites 
Hot  Pressed  for  (a)  210  min  and  (b)  400  min 


Fracture  Toughness-Crack  Length  Dependence.  Mechanical  property  characteriza¬ 
tion  of  silicon  nitride-based  ceramics  also  addressed  the  issue  of  potential  rising  R- 
curve  behavior  for  composites  containing  SiC  whiskers.  MOR  beirs  of  monolithic  AY6 
and  an  AYS  -h  30  v/o  SiC  whisker  (ARCO  SC-9)  composite  were  indented  with  a  single 
Vickers  indentation.  The  indentation  load  was  veiried  from  10  to  500  N  emd  the  test 
bars  annealed  in  mgon  at  1200'’C  for  one  hour  to  relieve  the  residual  strain  produced 
by  the  indentation  process.  The  bars  were  broken  in  four-point  loading  at  a  crosshead 
rate  of  0.05  cm/min.  Figure  31  is  a  plot  of  log  MOR  versus  log  indentation  load.  Both 
materials  show  linear  decreases  in  log  MOR  as  log  load  increases.  Linear  regression 
analysis  of  the  data  yields  slopes  of  -  0.3334  for  AY6  and  -  0.3612  for  the  composite. 
Materials  which  exhibit  a  fracture  toughness  which  is  independent  of  crack  exten- 
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Sion  have  a  slope  of  - 1/3  for  this  type  of  plot.  Fracture  toughness  of  both  materials 
is,  within  the  limits  of  indentation  cracks  produced,  independent  of  crack  size. 


Figure  31.  Modulus  of  Rupture  of  AY6-Si3N4  Monolith  and  30  v/o  SiC  Whisker 
Composite  with  Vickers  Indentations  Produced  at  Various  Loads 

Slow  Crack  Growth  and  Creep  Resistance.  Figure  32  compares  the  strength  from 

room  temperature  to  1400 ®C  of  two  AY6  materials  densified  as  described  above  to 
an  AY6-30  v/o  SiC  whisker  (ARCO  SC-9)  composite  which  required  400  minutes  to 
densify.  The  AY6  material  hot  pressed  for  400  minutes  retains  its  higher  strength  com¬ 
pared  to  AY6  produced  by  standard  process  up  to  1200  "C.  Both  monolithic  ceramics 
exhibit  lower  values  of  strength  compared  to  the  composite  reinforced  with  30  v/o 
SiC  whiskers.  The  data  at  higher  temperatures  ( >  1200  ®C)  show  these  two  monolithic 
matariais  to  be  essentially  equivalent  in  strength*  In  this  temperature  regime,  the 
softened  intergranular  glass  phase  controls  the  mechanical  properties.  Fractographic 
analysis  has  shown  that  at  these  higher  temperatures  subcritical  crack  growth  related 
to  intergranular  glass  phase  viscosity  occurs  and  results  in  strength  degradation. 
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Figure  32.  Modulus  of  Rupture  of  Si3N4  (AYS)  Ceramics  and  Si3N4  (AYS)  +  30  v/o 
SiC  Whisker  Composite  up  to  1400  °C 

As  shown  in  Figure  32,  the  strength  improvement  by  SiC  whisker  reinforcement 
is  retained  up  to  1400  °C  under  the  fast  fracture  conditions  imposed  by  the  MOR  test. 
The  increased  strength  at  the  higher  temperatiures  appears  to  be  related  to  an  increased 
resistcuice  to  subcritical  crack  growth  of  the  composite.  Fractography  of  controlled 
flaw  SEunples  broken  at  1200®C  showed  an  increase  in  crack  depth  of  82%  and  half 
crack  length  of  229  %  prior  to  fast  fracture  for  the  AYS  material  hot  pressed  for  90 
minutes.  The  respective  increases  for  the  AY6-30  v/o  SiC  whisker  composite  imder 
the  same  conditions  were  60%  and  156%. 

Four-point  creep  tests  (ambient  air  atmosphere)  were  conducted  to  compare 
monolithic  AYS  to  an  AYS  -f  30  v/o  SiC  whisker  composite.  Figure  33a  compares  the 
strain-time  relationships  at  1200  ®C,  30  ksi  applied  stress  of  AYS  to  the  composite.  This 
whisker-containing  composite  had  appreciably  higher  resistance  to  creep  under  these 
conditions  compared  to  the  monohth.  One  AYS  bar  exhibited  substantial  subcritical 
crack  growth,  as  opposed  to  the  expected  grain  boundeiry  sliding  controlled  creep. 
This  crack  growth  was  observed  to  be  initiated  from  a  grinding  flaw  in  the  chamfer. 
The  conditions  of  this  test  are  in  a  regime  where  creep  and  crack  growth  from  existing 
flaws  are  competitive  mechanisms  of  failure  for  Si3N4.  To  further  evaluate  these 
phenomena,  test  bars  of  both  materials  were  precracked  with  100  N  Knoop  indenta¬ 
tions,  which  produces  a  surface  flaw  of  approximately  125  /on  in  depth.  The  samples 
were  then  annealed  at  1200 “C  in  argon  to  relieve  indentation  stresses  and  subsequently 
creep  tested  at  1200®C/30  ksi.  The  indented  AYS  bar  fractured  20  minutes  eifter  the 
test  load  was  applied,  while  the  indented  SiC  whisker-containing  composites  showed 
essentially  the  S2une  steady  state  creep  rate  as  had  been  measured  for  the  \mindented 
composite  (Figmre  33b).  These  data  again  indicate  that  the  addition  of  SiC  whiskers 
to  Si3N4  decreases  the  material’s  susceptibility  to  slow  crack  growth  and  demonstrates 
that  the  flaw  sensitivity  of  the  composite  is  greatly  reduced  under  operating  condi¬ 
tions  which  may  be  encountered  in  heat  engine  applications. 
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The  effect  of  dispersoid  morphology  was  also  evaluated  (Figure  33c).  The  resistance 
to  creep  of  AY6  was  apprecicibly  reduced  by  the  addition  of  30  v/o  SiC  particulates 
(»  8  /an).  The  effect  is  thought  to  be  due  to  the  substitution  of  equiaxed  SiC  particles 
for  acicular  /3-Si3N4  grains,  which  should  enhance  grain  boundary  sliding.  Figure  33d 
compares  results  for  AY6  and  the  SiC  whisker  composite  at  1200®C/30  ksi  to  those 
obtained  for  the  composite  at  1200®C/40  ksi.  The  creep  rate  of  the  composite  at  the 
higher  stress  is  equivalent  to  that  of  the  monolith  at  the  lower  stress.  These  results 
indicate  that  at  1200  ®C  the  AY6  +  30  v/o  SiC  whisker  composite  can  be  subjected 
to  30%  higher  stress  than  the  monolith,  at  which  point  both  have  equivalent  resistance 
to  creep. 

The  results  of  compressive  creep  studies  conducted  in  collaboration  with  North 
Carolina  State  University^^  on  20  v/o  SiC(w)  composite  have  shown  that,  although  the 
fast  fracture  strength  is  increased  at  1200®C  and  above  by  whisker  additions,  under 
conditions  of  low  compression  strcdn  rate,  the  steady  state  creep  resistance  of  the 
monolith  and  composite  are  essentially  the  same  at  1200  *’C,  while  the  composite  creeps 
faster  at  1250“C  (Figure  34).  This  behavior  under  compressive  creep  conditions  has 
been  attributed  to  an  increased  stability  of  the  intergranular  glass  phase  of  the  com¬ 
posite  due  to  impurities  contained  in  the  ARCO  SC-9  whiskers,  which  reduces  its  ten¬ 
dency  to  crystallize.  Under  the  conditions  employed  in  this  testing,  a  four-hour  anneal 
at  the  test  temperature  prior  to  test  initiation,  the  monolithic  AY6  was  shown  by  TEM 
to  contain  a  much  larger  percentage  of  devitrified  glass  phase  compared  to  the  com¬ 
posite.  Hence,  initially  at  1 250  °C  (1 520  K)  the  composite  exhibited  a  higher  creep  rate. 
This  may  also  be  related  to  whisker  orientation  effects,  since  compressive  load  was 
applied  parallel  to  the  hot-pressing  direction,  i.e.,  perpendicular  to  the  plane  in  which 
whiskers  are  preferentially  aligned.  TEM  analyses  of  tested  specimens  have  indicated 
that  the  glass  phase  of  the  composite  continues  to  devitrify  during  testing. 


TIME  (hr) 

Figure  33a.  Results  of  Four-Point  Creep  Evaluation  for  Monolithic  Si3N4  (AY6)  and 
Si3N4  (AY6)  -  30  v/o  SiCw  Composite 
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Figtire  33b.  Comparison  of  Si3N4  (AY6)  and  Si3N4  (AY6)-30  v/o  SiCw  Composite 
emd  Precracked  Composite  in  Four-Point  Creep 
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Figvire  33c.  Effect  of  SiC  Dispersoid  Morphology  Equiaxed  Particle  (p)  vs  Whisker 
(w)  on  the  Creep  of  Si3N4  (AY6)-Based  Materials 
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Oxidation  Resistance.  The  oxidation  of  an  AY6  +  30  v/o  SiC  whisker  composite 

was  evaluated  relative  to  standard  hot-pressed  AY6  (Si3N4  -i-  6  w/o  Y2O3  -1-1.5  w/o 
AI2O3)  up  to  1000  hours  of  exposure  to  ambient  air  at  1200  °C.  The  results  (Figure  35) 
show  that  the  long-term  ( >  500  hour)  oxidation  resistance  of  the  composite  is  eqiiivalent 
to  AY6.  The  small  difference  is  most  likely  related  to  dilution  of  the  (AI2O3  +  Y2O3) 
sintering  aid  by  substitution  of  SiC  for  the  blended  AY6  powder.  The  data  show  that 
the  oxidation  of  AY6  was  not  adversely  affected  by  the  addition  of  ARCO  SC-9  SiC 
whiskers. 


Figure  35.  Ambient  Atmosphere  Oxidation  at  1200°C  of  Si3N4  (AY6)  and  an  Si3N4 
(AY6)  -f  30  v/o  SiCw  (SC-9)  Composite 

The  study  of  oxidation  resistance  of  AY6  eind  AY6-SiC  whisker  composites  was 
supplemented  by  the  examination  of  the  oxide  scEiles  formed  after  200  hoiurs  of  oxi¬ 
dation  in  air  at  1200  °C.  Using  Auger  Electron  Spectroscopy  (AES)  and  x-ray  diffrac¬ 
tion  (XRD)  phase  cuialysis,  the  oxidation  products  were  examined  while  attached  and 
after  being  mecheinically  separated  from  the  bar  surface.  The  oxide  scale  thickness, 
as  determined  by  AES,  was  found  to  be  »  2  /im  for  both  materials.  The  elemented  pro¬ 
files  through  the  oxidation  layers  (Figure  36)  show  that  in  either  material  the  scale 
is  composed  of  two  distinct  sublayers.  The  outermost  layer  was  found  to  be  yttrium- 
enriched  to  a  thickness  of  »  1500  nm  (1.5  nm).  Below  this  layer  the  yttrium  signed 
gradually  decreases  to  the  background  level.  The  oxide  layer  on  the  AY6-SiC(w) 
specimen  revealed  the  presence  of  carbon  and  calcium  throughout  the  entire  layer. 
However,  beyond  the  oxide-ceramic  interface  the  calcium  signal  drops  to  almost  zero, 
while  the  carbon  increases  considerably  and  then  levels  off.  Neither  carbon  nor  calcium 
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was  detected  in  the  AY6  specimen.  Examination  of  the  Si  peak  energy  position  emd 
the  peak  shape  in  the  AY6-30  v/o  SiCw  specimen  hcis  indicated  a  complete  Si-0  bond¬ 
ing  in  the  outermost  oxide  layer  (60  nm  into  the  layer),  a  mixed  Si-0,  Si-C,  and  Si-N 
state  in  the  middle  of  the  layer  (960  nm),  eind  a  predominantly  unoxidized  Si-N  and 
Si-C  bonding  in  the  bulk  of  the  specimen  (2410  nm  »  2.4  /tm  into  the  specimen). 
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Figure  36.  Auger  Elemental  Profiles  Through  the  Oxide  Scale  Formed  on  the  Si3N4 
(AY6)-30  v/o  SiC  Whisker  Composite  After  200  hr  Oxidation  in  Static  Air 
at  1200«C 

The  phase  composition  of  the  oxide  deposits,  as  determined  by  the  XRD  phase 
analysis,  was  similar  for  both  specimens  in  that  the  7-Y2Si207  was  the  major  and 
Si02-low  quartz  the  minor  phase  identified.  A  yttrium  enrichment  of  the  outermost 
layers  in  both  specimen  scedes,  coupled  with  the  Y2Si207  fovmd  by  XRP,  points  out 
that  needle-like  crystals  of  yttrium  sihcate  form  as  a  result  of  devitrification  of  glass 
in  the  near  surface  region  (Figure  37). 

Calcium  detected  in  the  scale  on  the  AY6-SiCw  composite  apparently  did  not  form 
any  crystalline  compoimds  under  the  employed  heating  and  cooling  conditions.  The 
changes  in  the  position  and  shape  of  the  silicon  peak  through  the  scale  depth  indicate 
continuous  chemge  in  the  phase  composition  of  the  oxidation  products.  The  carbon 
profile  through  the  oxide  layer  and  into  unoxidized  composite  with  a  low  but  steady 
signal  in  the  scale  and  a  considerable  signed  increase  in  the  substrate  cereunic,  together 
with  the  XRD  resvdts  shov\nng  a  relative  increase  in  /3-SiC  reflections  with  increeising 
oxidation  time,  suggests  that  the  hexagonal  form  of  SiC  is  more  susceptible  to  oxida¬ 
tion  than  the  /3-cribic.  Finally,  the  oxidation  layer  thickness  measured  by  AES  was  foimd 
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to  be  identical  on  both  the  monolith  and  the  composite  specimens,  which  is  consis 
tent  with  the  results  on  weight  gain  during  oxidation  reported  earlier. 


Figure  37.  SEM  Photomicrograph  of  the  Oxidized  Surface  Layer  of  Si3N4  (AY6)-30  v/o 
ARGO  SiC  Whiskers  (100  hr,  1200  ®C,  Static  Air) 

Thus,  despite  the  differences  during  oxidation  found  in  the  make-up  of  the  oxi¬ 
dation  products,  it  may  be  concluded  that  the  presence  of  SiC  whiskers  and  additional 
calcium  impurities  in  the  AY6-30  v/o  SiCw  composites  does  not  compromise  or  appre¬ 
ciably  change  the  oxidation  behavior  of  this  materied  eis  compared  to  the  AYS  monolith. 

The  oxidation  of  SiC  (SC-9)  whiskers  was  examined  separately.  The  whiskers  were 
oxidized  in  AI2O3  crucibles  at  1200®C  in  static  air  («50%  relative  humidity)  and 
exhibited  parabolic  oxidation  behavior  (Figure  38).  Phase  analysis  (XRD)  of  the  oxi¬ 
dized  whiskers  showed  an  increase  in  the  amount  of  amorphous  phase  with  increas¬ 
ing  oxidation  time  at  a  lattice  spacing  corresponding  to  SiOg  (tridymite),  which  is  con¬ 
sistent  vdth  the  oxidation  temperature  employed.  It  was  further  noted  that  while  the 
SiC  whiskers  in  the  as-received  state  exhibited  predominantly  a  phase  (hexagonal) 
peaks,  the  relative  intensity  of  0  phase  (cubic)  peaks  increased  with  increasing  oxida¬ 
tion  time.  This  may  result  from  preferential  oxidation  of  the  a  phase. 

Oxidation  rate  constants  for  whiskers,  basehne  silicon  nitride,  and  the  composite, 
as  well  as  the  expectation  value  calculated  for  30  v/o  SiC  whisker  composites,  eire  given 
^  Calculated  and  measured  values  for  30  v/o  SiC  (whisker)-containing  com¬ 

posites  are  in  good  agreement. 

The  effect  of  oxidation  at  1200  °C  up  to  500  hours  on  modulus  of  rupture  has  also 
been  evaluated  (Table  15).  While  at  room  temperature,  small  variations  in  strength 
were  observed;  the  MOR  at  elevated  temperature  is  unaffected  by  oxidation.  Based 
on  these  data,  i.e.,  weight  gain  and  MOR,  the  effects  of  oxidation  on  AY6  and  AY6 
+  30  v/o  SiC  whisker-containing  composites  are  statistically  equivalent. 


WEIGHT  GAIN  (gm/m^) 
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Figure  38.  Static  Air  Oxidation  of  ARCO  (SC-9)  SiC  Whiskers 
Table  14.  Oxidation  rate  constants  (Kp)  of  investigated  materials 


Material 

Kp  (Kg/m2.sec‘^=*)2 

SiCw  {SC-9) 

3.47  X 

10-13 

AY6 

5.89  X 

10  - 12 

AY6  +  30  v/o  SiCw  (SC-9) 

4.51  X 

10-12 

Rule  of  Mixtures 

0.7  +  0.3  Kp 

4.23  X 

10-12 
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Table  15.  Strength  of  oxidized  silicon  nitride-based  ceramics 


Relative  Modulus  of  Rupture  I 

Material 

25  ®C 

1000  °C 

1200 «C 

AY6-As  Ground 

1.00 

0.98 

0.81 

AYB-Ground/Anneeded* 

0.98 

— 

— 

AY6-Ground/Oxidized**  (100  hr) 

0.93 

0.97 

0.81 

AY6-Groimd/Oxidized**  (500  hr) 

0.98 

1.01 

0.74 

AY6  +  30  v/o  SiCw***-As  Ground 

1.00 

1.03 

0.93 

AY6  +  30  v/o  SiCw-Groimd/Anneeiled* 

0.95 

— 

— 

AY6  •+•  30  v/o  SiCw-Ground/Oxidized** 
(100  hr) 

1.06 

1.08 

0.87 

AY6  -1-  30  v/o  SiCw-Ground/Oxidized** 
(500  hr) 

0.98 

1.06 

0.88 

*  1200°C/60  min/Ar 
**  1200  “C/Ambient  Air 
***  ARCO  SC-9 


Thermal  Conductivity.  Tables  16  and  17  give  the  experimental  enthalpy-tem 

perature  and  the  calculated  specific  heat  data  for  AY6  and  the  AY6  +  30  v/o  SiC  whisker 
composites.  Tables  18  and  19  give  the  thermal  diffusivity/conductivity  data,  and  Figure 
39  shows  the  thermal  conductivity  temperature  relationship  for  the  two  materials 
measured.  At  room  temperature,  the  addition  of  30  v/o  SiC  produced  a  30%  increase 
in  thermal  conductivity  compared  to  monolithic  Si3N4.  This  difference  is  reduced  to 
15%  at  1200‘»C. 

Thermal  Expansion.  Thermal  expansion  of  the  baseline  composite  and  the  com¬ 
posite  containing  30  v/o  SiC  whiskers  weis  meeisured  by  means  of  a  dilatometer  (Theta) 
for  the  range  of  temperature  from  25  ®C  to  1400  ®C.  Thermal  expansion  coefficients 
of  the  composites  perpendicular  to  the  hot-pressing  direction  of  both  materials  are 
given  in  Table  20  and  Figure  40.  Linear  thermed  expansion  of  the  composite  is  similar 
to  that  of  baseline  AY6  material. 


45 


Table  16:  Enthalpy  and  specific  heat  values  for  Si3N4  (AY6) 


Enthalpy 

Temperature  (°C) 

Specific  Heat 

Cp 

Cal  (gm"^)  Temperature  (°C)  Cal  (gm‘^  C"^) 

0 

0 

0 

0.136 

26.9 

3.04 

50 

0.163 

98.8 

16.07 

100 

0.186 

252.4 

47.91 

150 

0.204 

398.2 

82.47 

200 

0.220 

545.6 

120.29 

300 

0.237 

703.7 

163.26 

400 

0.248 

900.0 

211.36 

600 

0.261 

1208.0 

297.19 

800 

0.269 

1000 

0.273 

1200 

0.275 

Table  17:  Enthalpy  and  specific  heat  values  for  Si3N4  (AY6)  —  30  v/o  SiC  whisker 
composite 


Enthalpy 

Temperature  (°C) 

Cal  (gm-i) 

Specific  Heat 

Cp 

Temperature  (°C)  Cal  (gm‘^  C’^) 

0 

0 

0 

0.136 

26.9 

3.18 

50 

0.163 

98.8 

15.86 

100 

0.186 

254.4 

48.81 

150 

0.204 

404.1 

84.68 

200 

0.220 

546.6 

121.96 

300 

0.237 

700.4 

163.82 

400 

0.248 

908.0 

215.56 

600 

0.261 

1194.0 

300.01 

800 

0.269 

1000 

0.273 

1200 

0.275 
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Table  18:  Thermal  diffusivity/conductivity*  of  Si3N4  (AY6) 


Temperature  (*’C) 

F 

Diffusivity  Specific  Heat 

cm2  g-l  53]  g-l  0-1 

Conductivity 

w  cm‘i  C"i  Btu  in  hr"*  ft"2  F"* 

28 

82 

0.0958 

0.150 

0.1940 

134.5 

99 

211 

0.0811 

0.185 

0.2026 

140.5 

264 

508 

0.0625 

0.232 

0.1959 

135.8 

429 

805 

0.0492 

0.250 

0.1661 

115.2 

653 

1207 

0.0422 

0.264 

0.1504 

104.3 

819 

1506 

0.0366 

0.270 

0.1332 

92.4 

985 

1805 

0.0343 

0.273 

0.1264 

87.6 

1106 

2022 

0.0310 

0.274 

0.1147 

79.5 

1200 

2092 

0.0288 

0.275 

0.1070 

74.2 

Table  19:  Thermal  diffusivity/conductivity*  of  Si3N4  (AY6)  —  30  v/o 
SiC  whisker  composite 


Temperature  (°C) 

F 

Diffusivity  Specific  Heat 
cm*  s"*  cal  g"*  C"* 

Conductivity 

w  cm"*  C"*  Btu  in  hr"*  ft"*  F"* 

28 

82 

0.1246 

0.150 

0.2523 

174.9 

98 

208 

0.1043 

0.185 

0.2605 

180.6 

264 

508 

0.0754 

0.232 

0.2361 

163.7 

431 

807 

0.0636 

0.250 

0.2147 

148.9 

656 

1213 

0.0492 

0.264 

0.1754 

121.6 

821 

1509 

0.0464 

0.270 

0.1691 

117.2 

986 

1806 

0.0369 

0.273 

0.1360 

94.3 

1110 

2030 

0.0351 

0.274 

0.1298 

90.0 

*200 

2192 

0.0335 

0.275 

0.1243 

86.2 

*Measurements  made  parallel  to  the  hot  pressing  direction 
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Figure  39.  Thermal  Conductivity  of  Si3N4  (AY6)  and  a  SigN^  (AY6)  +  30  y/6  SiC  Whisker 
Composite  up  to  1200°C 


Table  20:  Thermed  expansion  coefficients  of  Si3N4 
containing  30%  SiC  whiskers 

(AY6)  and'Si3rl4  (AY6) 

AY6  30%  Arco 

AY6 

Temperature  ( °C) 

(10-6/oc) 

(10-fi/‘>C) 

:  200 

2.91 

2.53 

4O0 

3.21 

3.11 

600 

3.51 

3.64 

800 

3.83 

4.08 

1000 

4.16 

4.42 

1200 

4.51 

‘  4.67 

1400 

4.86 

4.87 
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Temperature  (°C) 


Figure  40.  Thermal  Expansion  of  Baseline  Si3N4  (AY6)  and  Si3N4  (AY6)  Containing 
30  v/o  SiC  Whiskers  As  a  Function  of  Temperature 


n.  DEVELOPMENT  OF  PROCESS  FOR  COMPLEX  PART  FABRICATION 

The  process  selected  to  develop  and  demonstrate  a  near-net-shape  fabrication 
technology  capable  of  producing  ceramic  matrix  composite  automotive  engine  com¬ 
ponents  was  injection  molding.  The  system  selected  was  the  AY6  -  30  v/o  SiC  whisker 
material  because  of  the  improved  properties  previously  described. 

Figure  41  shows  the  approach  used  in  the  study.  Due  to  unavailability  of  ARCO 
(SC-9)  whiskers,  it  was  necessary  to  utilize  readily  available  Tateho  whiskers  for  initial 
compounding  and  injection  molding  trials.  Once  procedures  were  developed  using 
Tateho  whiskers,  ARCO  whiskers  were  substituted  for  the  final  molding  trials.  The 
results  of  the  feasibility  experiments  will  be  discussed  in  terms  of  the  five  major  proc¬ 
essing  steps:  powder  preparation,  compounding,  injection  molding,  binder  burnout, 
and  densification. 

POWDER  PREPARATION 

Batches  of  AYS  30  %  SiC  whiskers  for  injection  molding  were  prepared  by  two 
process  routes,  preblend  and  compound  blend.  In  the  preblend  case,  dispersed 
whiskers  were  first  added  to  AYS,  and  this  material  was  then  mixed  with  the  binders. 
The  alternate  approach  was  to  mix  whiskers,  AYS  and  the  binder  using  the  high  shear 
mixing  action  of  the  compounder  to  blend  the  components.  Microstructural  examina¬ 
tion  of  as-molded  and  HIPed  peuts  (compounder  blended  powder)  showed  a  large 
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number  of  AY6  agglomerates  which  were  not  broken  down  during  compounding. 
Samples  fabricated  using  preblended  powders  me  homogeneous.  Based  on  the  above 
observations,  preblending  was  selected  as  the  powder  preparation  route  of  choice. 

COMPOUNDING 

The  compounding  unit  used  throughout  the  feasibility  study  is  a  Haake  torque 
rheometer  mixer.  The  unit  measures  the  torque  required  to  maintain  a  fixed  mixing 
rpm  cis  well  as  an  integrated  total  torque  for  each  batch.  Torques  observed  for  whisker- 
containing  material  were  significantly  higher  than  for  monolithic  AY6  powder.  After 


Figure  41.  Outline  of  Process  Development  Approach 
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all  powder  was  added,  torques  decreased  exponentially  with  time  to  approach  a  steady 
state  value.  This  final  value  was  over  twice  that  observed  for  noncomposite  AY6 
powders.  This  procedure  was  used  in  initial  experiments  designed  to  identify  the  max¬ 
imum  solids  loading  level  in  the  binder  which  would  give  a  moldable  mix.  Mixes  were 
compounded  containing  from  52  to  58  v/o  solids.  The  best  results  were  obtained  at 
53  v/o  solids.  Compounding  times  from  one  to  three  hours  were  used.  The  three-hour 
compounding  was  observed  to  minimize  residual  AY6  agglomerates. 

INJECTION  MOLDING 

The  injection  molding  machine  used  in  all  molding  experiments  is  a  Model  15S 
Boy  screw-type  injection  molder  with  hydraulic  clamping.  It  has  a  two-zone  barrel 
heater  and  independent  nozzle  temperature  control.  Temperature  control  of  the  bar¬ 
rel  and  nozzle,  along  with  mold  temperature  and  injection  pressure,  was  evaluated 
to  maximize  peirt  yield  and  surface  quality. 

The  mold  employed  for  the  majority  of  molding  experiments  was  used  previously 
in  the  DOE-sponsored  CATE  (Ceramic  Applications  in  Turbine  Engines)  program  By 
altering  the  gate  position,  the  mold  can  be  configiured  to  shoot  either  a  single  axial 
turbine  blade,  two  test  bars,  or  simultaneous  filling  of  all  three  cavities.  Figure  42  shows 
the  fill  pattern  of  the  blade  and  one  of  the  bar  cavities. 

Using  this  mold,  blades  and  bars  of  AY6-containing  30  v/o  SiC  whiskers  have 
been  fabricated  as  injection-molded  composite  parts.  SEM  examination  of  fracture  sur¬ 
faces  indicates  that  the  whisker  integrity  is  maintained  through  the  molding  process 
(Figure  43). 


Figure  42.  Series  of  Short  Shots  Showing  Fill  Pattern  of  Si3N4/Binder  Mix  in  CATE 
Turbine  Blade  and  Test  Bar  Die 


Figiire  43.  Fractiire  Surface  of  Injection-Molded  Si3N4-30  v/o  SiC  Whisker  Composite 

BINDER  REMOVAL 

The  binder  was  removed  from  the  injection-molded  composites  by  placing  the 
part  within  a  supporting  setter  powder  emd  heating  it  slowly  in  an  inert  atmosphere. 
An  air  heating  step  is  used  after  the  binder  is  removed  to  eliminate  residual  free  car¬ 
bon.  The  parts  showed  no  dimensional  changes  after  binder  burnout. 

HOT  ISOSTATIC  PRESSING 

Parts  were  glass  encapsulated  prior  to  hot  isostatic  pressing  (HIP)  at  1750  °C  and 
30,000  psi  for  1  hour.  These  conditions  reproducibly  yield  composites  of  greater  than 
99%  of  theoretical  density.  Figure  44  shows  a  sequence  of  as-molded,  burned  out  and 
HIPed  CATE  blades  of  AY6  +  30  %  SiC  whisker  composite  material. 


Figure  44.  Injection-Molded  CATE  Blades  Prepared  from  Si3N4  -  30  v/o  SiC  (Whisker) 
Composite  in  As-Molded,  Dewaxed,  and  Fired  State 

The  main  observation  made  from  the  densified  samples  was  that  a  systematic 
and  reproducible  warpage  occurred  in  the  composite  materials  during  densification. 
The  blades  showed  meas  of  distortion  in  the  airfoil  tredhng  edge,  platform,  and  dovetail. 
Test  bars  also  showed  distortion  in  the  form  of  curvature  along  the  length  of  the  bar, 
with  the  gate  on  the  concave  side  (Figure  45). 

STUDY  OF  DISTORTION  MECHANISM 

Shrinkage  measurements  on  AY6  -i-  30%  SiC  whisker  samples  have  shown  that 
shrinkage  along  the  test  bar  length  was  smaller  relative  to  test  bar  width  emd  thickness. 
This  shrinkage  anisotropy  suggested  a  preferred  eilignment  of  the  whiskers. 

An  injection  molding  trial  was  then  made  using  SiC  whiskers  which  had  been 
milled  to  a  near  equiaxed  state  prior  to  blending  with  AY6.  This  material,  after  HIP- 
ing  by  the  same  schedule,  reached  the  same  density  but  had  uniform  hnear  shrinkage 
in  all  directions  (Table  21),  which  indicates  that  the  whisker  alignment  played  a  major 
role  in  nonuniform  densification  shrinkage. 


Dimensions 

Unmilled  Whiskers 

Milled  Whiskers 

Length 

0.843 

1.005 

Width 

1.074 

1.000 

Thickness 

1.204 

0.995 

To  understand  the  exact  mechanism  leading  to  test  bar  bending,  a  detailed  quan¬ 
titative  microstructural  evaluation  of  whisker  orientation  as  a  function  of  position  in 
the  test  bar  was  performed.  Sections  of  the  HIPed  composites  containing  30  v/o  ARCO 
SiC  whiskers  were  cut  from  test  bars.  These  sections  were  then  movmted  and  polished. 
Multiple  regions  of  the  samples  (Figure  46)  were  observed  and  photographed  using 
both  optical  and  SEM  microscopy.  Each  whisker  in  a  micrograph  was  defined  by  four 
points,  the  first  two  for  whisker  length,  and  the  second  two  for  the  diameter.  Each 
whisker  image  was  digitized  (Figure  47),  and  a  computer  program  was  used  to  deter¬ 
mine  aspect  ratio  and  orientation  angle  for  each  of  the  approximately  200  whiskers 
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observed  per  pictiire  along  with  their  averages  and  standard  deviations.  For  the  bars, 
the  angles  of  orientation  for  all  whiskers  with  a  lid  ratio  greater  than  2  were  analyzed 
at  different  positions  across  the  bar  width.  To  provide  a  baseline  against  which  samples 
could  be  compared,  a  computer  simulation  was  made  to  predict  the  distribution  of 
aspect  ratios  and  orientations  expected  for  randomly  oriented  and  intersected  whiskers. 


Figure  46.  Regions  Examined  on  Bar  Cross  Section  for  Whisker  Orientation 
Determinations 

Figure  48  illustrates  in  schematic  form  the  whisker  alignment  determined  along 
the  bar  length.  The  orientation  observed  is  parabolic,  but  the  side  gate  location  causes 
the  parc±)olic  flow  and  the  whisker  orientation  to  be  off-center  with  respect  to  the 
test  bar  central  axis.  The  side  opposite  the  gate  has  whisker  orientation  of  a  nature 
largely  parallel  to  the  bar  length,  while  the  gate  side,  containing  the  parabola  vertex, 
has  a  greater  number  of  whiskers  orientated  perpendicular  to  the  bar  length.  Whiskers, 
when  aligned  in  a  matrix,  would  restrict  densification  shrinkage  parallel  to  their  align¬ 
ment.  It  is  the  nonsymmetrical  nature  of  the  orientation,  also  observed  across  the  bar, 
which  is  responsible  for  the  distortion  after  HIPing. 

Efforts  to  decrease  the  nonsymmetric  whisker  flow  will  require  changes  in  the 
gate  design  for  the  injection  molding  die  and  would  be  proposed  for  future  studies. 

Compounding,  molding,  binder  removal,  and  densification  parameters  capable 
of  producing  dense  composites  containing  30  v/o  SiC  whiskers  in  AY6  have  been  iden¬ 
tified.  These  steps  are  represented  along  with  powder  preparation  in  a  process  flow 
sheet  in  Figure  49.  Further  development  of  forming  techniques  with  particular  atten¬ 
tion  to  mold  design  to  eliminate  warpage  and  optimization  of  densification  schedule 
are  two  of  the  prominently  important  areas  to  be  considered  in  future  research. 
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Fignire  47.  Digitized  SiC  Whiskers  in  Injection-Molded  and  HIPed  Material  Showing 
Orientation  and  Length/Diameter  of  Each  Measured  Whisker 
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CONCLUSIONS 

Improvements  in  strength  and  fractmre  toughness  of  Si3N4  have  been  achieved 
through  the  composite  approach. 

The  room-temperature  fracture  toughness  was  increaised  by  40  % ,  with  a  concomi¬ 
tant  25%  strength  increase  by  the  addition  of  30  v/o  of  SiC  whiskers.  At  35  v/o  of 
whisker  additions,  an  increase  in  fracture  toughness  of  70  %  was  observed.  Due  to 
intergranular  fracture,  the  degree  of  fractmre  toughness  increeise  was  foimd  to  depend 
on  the  matrix  grciin  size,  dispersoid  content,  and  its  size  relative  to  the  matrix.  An 
increase  in  fractme  toughness  can  be  expected  with  dispersoids  of  a  size  Imger  than 
the  effective  grain  size  of  the  matrix  (D/D°  >  1). 

The  acicular  nature  of  Si3N4  grains  reduces  the  effectiveness  of  particulate  disper¬ 
soids  as  toughening  agents.  Whisker  additions  offer  considerably  higher  potential  in 
fracture  toughness  and  strength  enhancement. 

The  matrix  microstructural  development  during  densification  can  be  affected  by 
the  presence  of  dispersoids,  as  well  as  by  sintering  conditions.  In  order  to  interpret 
the  effect  of  dispersoid  additions,  it  is  of  paramount  importance  that  the  microstruc¬ 
tures  of  composites,  including  the  matrix  grcdn  size  and  size  distribution,  be  fully 
characterized. 

Considering  the  results  obtained  for  the  Si3N4-SiCw  system,  it  appears  reasonable 
to  expect  further  improvements  in  fracture  toughness  through  an  increase  of  amount 
and  aspect  ratio  of  dispersed  phase.  This  approach,  in  either  case,  is  expected  to 
increase  difficulties  in  processing.  As  was  demonstrated  by  this  work,  matrix 
microstructure  plays  an  important  role  in  determining  the  composite  properties,  sug¬ 
gesting  that  further  development  of  these  composites  through  dispersoid  additions 
must  be  concurrent  with  additional  matrix  microstructmre  tailoring. 

The  current  progreun  has  demonstrated  that  Si3N4-beised  composites  containing 
up  to  30  v/o  of  SiC  whiskers  could  be'  injection  molded  emd  densified  by  HIP  to  over 
99  %  of  theoretical  density.  This  work  has  also  pointed  at  several  areas  where  further 
process  development  is  needed  tobring  injection-molded  composites  from  the  feasibility 
demonstration  stage  to  a  technology  ready  for  prototype  fabrication.  In  view  of  the 
preceding  discussion,  it  is  also  apparent  that  additional  process  adaptations  will  be 
required  to  accommodate  and  fabricate  new  developmental  materials.  This  effort  would 
address  optimization  of  binder  system,  compormding  and  molding  techniques,  and 
densification  procedure. 
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APPENDIX  1:  ENGINEERING  PROPERTY  DATA  FOR  Si3N4  AND 
30  v/o  SiC  WHISKER  COMPOSITES 


Kjc  (MPa*mV2) 

AY6 

AY6  +  30  v/o  SiCw 

25  "C 

4.6  ±  0.2 

6.4  ±  0.5 

1000 “C 

4.9  ±  0.3 

7.7  ±  0.4 

1200 “C 

6.1  ±  0.1 

8.5  ±  0.5 

MOR  (MPa) 

25  “C 

773  ±  67 

975  ±  39 

1000 ®C 

585  ±  14 

819  ±  64 

1200 °C 

486  ±  43 

597  ±  26 

1400 “C 

197  ±  4 

257  ±  25 

Elastic  Properties  I 

Young’s  Modulus  (GPa) 

297 

335 

Poisson’s  Ratio 

0.27 

0.26 

Shear  Modulus  (GPa) 

116 

113 

Bulk  Modulus  (GPa) 

218 

234 

Oxidation  (1200°C/Air)  1 

Rate  Constant  (kg/m^  •  sec“^/2)2 

5.9  X  10‘^^ 

4.5  X  10^^  1 

1  MOR  Normalized  to  Nonoxidized  I 

Room-Temperature  Value 

100  h  500  h 

100  h  500  h 

25  °C 

0.93  0.98 

1.06  0.98 

1000 “C 

0.97  1.01 

1.08  1.06 

1200 °C 

0.81  0.74 

0.87  0.88 

Knoop  Microhardness  (GPa) 

13.8  ±  0.1 

15.9  ±  0.1 

Thermal  Conductivity  (W/cmC) 

25  “C 

0.194 

0.252 

1000 “C 

0.126 

0.136 

1200 °C 

0.107 

0.124 

Thermal  Expansion  Coefficient 
(X  10-®  ®C-i) 

200 

2.53 

2.91 

400  °C 

3.11 

3.21 

600  "C 

3.64 

3.51 

800  °C 

4.08 

3.83 

1000 

4.42 

4.16 

1200 °C 

4.67 

4.51 

1400 

4.87 

4.86 
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APPENDK  2:  INDENTATION  FRACTURE  TOUGHNESS 

Based  on  a  dimensional  anedysis,  Evans  and  Charles  derived  the  following 
relationship: 


Kc  «^/Hv5'=  0.15  k  ^-|.j  .  . 


(1) 


where  K^, 
H 

k 

c 

a 


=  fracture  toughness 
=  microhardness 
=  constraint  factor  =  3 

=  correlation  factor  required  by  the  presence  of  the  free  surface  *  3.2 
=  length  of  a  single  crack  measured  from  the  center  of  the  Vickers 
indentation  (Figure  A2-1) 

=  Vz  the  size  of  the  Vickers  indentation  diagonal  (Figure  A2-1) 


Figure  A2-1.  Appeeirance  of  Vickers  Indentation  and  Pareimeters  Used  for  K^, 

The  equation  used  to  calculate  fracture  toughness  by  indentation  (IFT)  in  use  at 
GTE  Laboratories  is  derived  from  the  Evans  and  Charles  relationship  in  the  following 
manner  with  a  redefinition  of  indentation  parameters. 
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Figure  A2-2.  Appearance  of  Vickers  Indentation  and  Parameters  Used  for  IFT  Deter¬ 
mination  at  GTE  Laboratories 


n  =  4 

Ct  =  total  crack  length  =  ^  C„ 


where  c^j  are  measured  from  the  points  of  the  Vickers  indentation,  not  from  the  center 
of  the  Vickers  indentation. 


T-k  ^  ^2 

D  = - - - =  average  indentation  size,  therefore  by  definition 


D  =  2a  or  a  =  0.5D 
comparing  Figures  A2-1  and  A2-2 

C  (Evans  sind  Charles)  =  a  +  c 


where  c  =  average  crack  length  = 


. .  c  =  a  -t- 


- ^  1  +  -jF- 

a  4a 


Rearranging  equation  (1)  yields: 


0.15k  H^/^ 
0 
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substituting  the  redefined  term  yields: 


Kc  = 


0.15k  HVa 

<t> 

Cl  ^3/2 


K. 


+  4a 
0.15  k 

_ ± _ _ 


since  a  »  0.5D 


(1  + 


4  (0.5D) 


3/2 


0.15k  ^/o:5  _  0.15  (3.2)  (^/o:5) 
0  3 


IFT  =  Kg  = 


0.113  HVd' 

(1  *  -^)  3/2 


(2) 


The  microhardness  term,  H,  in  both  equations  1  and  2  has  not  yet  been  specified 
€is  to  type,  i.e.,  Vickers  or  Knoop.  Evans  and  Charles  used  the  Vickers  hardness  cal¬ 
culated  from  the  Vickers  indentation  used  to  produce  surface  cracks.  However,  hard¬ 
ness  measurements  made  from  cracked  indentations  can  result  in  erroneous  values. 
Therefore,  the  GTE  Laboratories  procedure  has  been  standardized  using  Knoop  micro¬ 
hardness  with  the  Knoop  indentations  produced  with  a  1  kg  load.  The  geometry  of 
the  Knoop  indentor  produces  crack-free  indentations  which  are  also  easier  to  measure 
and  therefore  less  subject  to  measurement  error  than  light  load  ( <  500  gm)  crack-free 
Vickers  indentations. 

The  relationship  used  to  determine  indentation  fracture  toughness  (IFT)  is  then 
K  .ffT.M13jW5.  .  .  (3) 

(1  +  -^)  3/2 

where: 

H  =  1  kg  Knoop  microheirdness  (GN/m^) 

D  =  average  Vickers  indentation  diagoneil  size  (/im), 

Cl  =  sum  of  four  cracks  emanating  from  the  four  comers  of  a  Vickers  inden¬ 
tation  (fan) 


The  mecisured  crack  lengths  and  average  diagonals  produced  by  the  10  kg  Vickers 
indentation  are  shown  in  Table  A2-1  for  Si3N4  and  Al203-beised  materials.  Also  included 
are  the  average  Vickers  and  Knoop  microhardness  values  for  each  matericil.  For  a  given 
load,  the  diagonal  of  a  Vickers  indenter  is  about  one  third  of  the  length  of  the  Knoop 
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indenter  due  to  the  differences  in  indenter  geometry.  This  affects  the  csdculated  values 
of  microhardness  with  the  Knoop  values  being  approximately  15  %  less  than  the  Vickers 
values  for  the  same  material.  Consequently,  the  value  of  fracture  toughness  calculated 
using  the  expression  previously  given,  which  contains  a  hardness  term,  is  dependent 
upon  microhardness  technique;  i.e.,  the  IFT  values  calculated  using  Knoop  microhard¬ 
ness  are  approximately  15  %  lower  than  those  calculated  using  Vickers  microhardness. 

Table  A2-1.  Indentation  data  and  calculated  indentation  fracture  toughness  (IFT) 


Si3N4  (AY6) 


AloO 


2'-'3 


Si3N4 

(AY6) 

+  30  v/o  TiC 

*  * 

+  30  v/o  TiC 

Vickers  Diagoned,  /im 

109.5 

± 

0.6 

104.4 

± 

0.6 

102.1 

± 

0.5 

95.4 

± 

0.7 

Total  Crack  Length,  /tm 

298.1 

± 

9.0 

341.4 

± 

18.2 

528.6 

± 

37.4 

475.9 

± 

19.6 

Microhcirdness,  GPa 

Vickers,  HVIO 

15.2 

± 

0.3 

16.7 

± 

0.3 

17.4 

± 

0.2 

20.0 

± 

0.4 

Knoop,  HKl 

13.6 

± 

0.8 

14.6 

± 

0.5 

15.2 

± 

0.8 

16.8 

± 

0.7 

IFT,  MPa»mV2 

using  HVIO 

5.0 

± 

0.1 

4.5 

± 

0.1 

2.9 

± 

0.1 

3.5 

± 

0.1 

using  HKl 

4.1 

± 

0.1 

4.0 

± 

0.2 

2.6 

± 

0.2 

3.0 

± 

0.2 

“^Fine-grained  AlgOg  cutting  tool 


An  AY6-30  v/o  TiC  sample  was  indented  with  a  Vickers  indenter  using  a  10  kg 
load,  and  the  appropriate  indentation  parameters  were  measured.  Modulus  of  elas¬ 
ticity  and  Knoop  microhardness  were  also  measured.  The  IFT  was  then  calculated 
using  the  same  data  for  the  various  published  techniques  (Table  A2-1).  The  value  of 
IFT  by  the  GTEL  standard  technique  is  dependent  upon  the  microhardness  tech¬ 
nique  employed.  The  calculated  value  using  Vickers  hardness  is  higher  than  the  stan¬ 
dard  technique.  Additionally,  this  higher  value  is  comparable  to  other  techniques 
which  employ  the  plastic  zone  correction  indicating  that,  for  ceramic  materials,  this 
factor  has  little  influence  on  the  measured  indentation  fracture  toughness.  For  com¬ 
parison  with  published  data,  use  of  the  Vickers  hardness  value  in  the  calculation 
is  recommended. 
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Table  A2-2.  Indentation  fracture  toughness  of  Si3N4  (AY6)  +  30  v/o  TiC  accessed 
by  various  techniques 


1)  Standard 
IFT 


2)  IFT  Using 
Vickers  Hardness 


3)  Kjc 

Anstis,  et  al. 


4)  Kjc 

Evans 


1)  IFT  =  0.113  HDV2/(1  +  3/2 

2D 

H  =  Knoop  Hardness,  D  =  Vickers  Diagonal,  Cl  =  Toted  Crack  Length 

2)  Same  formula  as  1,  but  substituting  Vickers  Hardness  for  Knoop  Hardness. 

3)  Kjq  Anstis  =  0.016  (E/Hv)V2 

E  =  Yming’s  Modulus;  Hy  =  Vickers  Hardness;  P  =  Indentation  Load; 

Cq  =  Length  of  a  Single  Crack  =  Cl/4  +  D/2 


4)  Kic  Evans 


^IC  =  -  1.59-0.3A-2.02A2  +  11.23A3-24.97A4-16.32A5 


Hx/D/2  '  E 
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Warren,  MI  48090-9055 

232.  Louis  C.  lanniello 

U.S.  Department  of  Energy 
Washington,  DC  20545 

233.  Robert  H.  Insley 
Champion  Spark  Plug  Company 
20000  Conner  Avenue 
Detroit,  MI  48234 

234.  D.  M.  Jacques 
Norton  Company 
HPC  Library 
Goddard  Road 
Northboro,  MA  01532-1545 

235.  Curt  A.  Johnson 
General  Electric  Company 
PO  Box  8 

Schenectady,  NY  12301 

236.  Douglas  C.  Johnson 
Sundstrand  Corporation 
4400  Ruffin  Road 

PO  Box  85757 

San  Diego,  CA  92138-5757 

237.  Larry  Johnson 

Argonne  National  Laboratory 
9700  South  Cass  Avenue 
Bldg  362 

Argonne,  IL  60439 

238.  R.  A.  Johnson 

General  Motors  Corporation 
PO  Box  420 

Indianapolis,  IN  46206-0420 

239.  L.  A.  Joo 

Great  Lakes  Research 
Corporation 
Post  Office  Box  1031 
Elizabethton,  TN  37643 
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240.  A.  David  Joseph 

Sealed  Power  Corporation 
100  Terrace  Plaza 
Muskegon,  MI  49443 

241.  Roy  Kamo 
Adiabatics ,  Inc . 

630  South  Mapleton 
Columbus,  IN  47201 

242.  K.  Karasek 

Garrett  Ceramic  Components 
Division 

19800  S.  Van  Ness  Avenue 
Torrance,  CA  90509 

243.  Allan  Katz 

Air  Force  Wright 

Aeronautical  Laboratory 
Materials  Laboratory, 
AFWAL/MLLM 
Wright- Patterson  AFB 
OH  45433 

244.  R.  N,  Katz 

U.S.  Army  Materials 
Technology  Laboratory 
405  Arsenal  Street 
Watertown,  MA  02172 

245 .  Mr .  Kawaguchi 
Tokai  Carbon 
375  Park  Avenue 
Suite  3802 

New  York,  NY  10152 

246.  P.  Victor  Kelsey 
Aluminum  Company  of  America 
Alcoa  Technical  Center  B 
Alcoa  Center,  PA  15061 

247.  Frederick  L.  Kennard,  III 
General  Motors  Corporation 
1300  North  Dort  Highway 
Flint,  MI  48556 

248.  J.  R.  Kidwell 

Allied- Signal  Aerospace 
Company 

Garrett  Engine  Division 
111  South  34th  Street 
Post  Office  Box  5217 
Phoenix,  AZ  85010 


249.  Max  Klein 

Gas  Research  Institute 
8600  West  Bryn  Mawr  Avenue 
Chicago,  IL  60631 

250.  C.  E.  Knapp 
Norton  Company 
8001  Daly  Street 
Niagara  Falls,  Ontario 
CANADA 

251.  A.  S.  Kobayashi 
University  of  Washington 
Seattle,  WA  98195 

252.  David  M.  Kotchick 
AlResearch  Manufacturing 

Company 

2525  West  190th  Street 
Torrance,  CA  90509 

253.  Bruce  Kramer 

George  Washington  University 
Washington,  DC  20052 

254.  Saunders  B.  Kramer 

U.S.  Department  of  Energy 
Forrestal  Building  CE-151 
1000  Independence  Avenue 
Washington,  DC  20585 

255.  D.  M.  Kreiner 
Allied- Signal  Aerospace 

Company 

Garrett  Engine  Division 
111  South  34th  Street 
PO  Box  5217 
Phoenix,  AZ  85010 

256.  Pieter  Krljgsman 
Ceramic  Design  Int. 

Hold.,  Ltd. 

PO  Box  68 
8050  AB  Hattem 
THE  NETHERLANDS 

257.  W.  J.  Lackey 
Georgia  Tech  Research 

Institute 
Atlanta,  GA  30332 
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258.  Everett  A.  Lake 
Air  Force  Wright 

Aeronautical  Laboratory 
AFWAL/POOS 

Wright- Patterson  AFB 
OH  45433 

259.  Hari  S.  Lamba 

General  Motors  Corporation 
Electro-Motive  Division 
LaGrange,  IL  60525 

260.  James  Lankford 

Southwest  Research  Institute 
6220  Culebra  Road 
PO  Drawer  28510 
San  Antonio,  TX  78284 

261.  John  G.  Lanning 
Corning  Glass  Works 
Corning,  NY  14831 

262.  David  C.  Larsen 
Corning  Glass  Works 
Sullivan  Park,  FR-51 
Corning,  NY  14831 

263.  Dr.  S.  K.  Lau 
Standard  Oil  Engineered 

Materials  Company 
Technology  Division 
Box  832 

Niagara  Falls,  NY  14302 

264.  Harry  A.  Lawler 
Standard  Oil  Engineered 

Materials  Company 
Structural  Ceramics  Division 
PO  Box  1054,  Bldg  91-2 
Niagara  Falls,  NY  14302 

265.  Alan  Lawley 
Drexel  University 
Philadelphia,  PA  19104 

266.  Daniel  Lee  Temescon 
2850  7th  Street 
Berkeley,  CA  94710 


267.  June-Gunn  Lee 

Korea  Advanced  Institute  of 
Science  and  Technology 
PO  Box  131 
Dong  Dac  Mun,  Seoul 
KOREA 

268.  E.  M.  Lenoe 

Air  Force  Office  of 
Scientific  Research 
APO  San  Francisco 
CA  96503-0110 

269.  Stanley  R.  Levine 

NASA  Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  OH  44135 

270.  David  Lewis 

Naval  Research  Laboratory 
4555  Overlook  Avenue,  SW 
Washington,  DC  20375 

271.  Winston  W.  Liang 
AMERCOM,  Inc. 

8948  Fullbright  Avenue 
Chatsworth,  CA  91311 

272.  Bill  Long 
Babcock  and  Wilcox 
PO  Box  1260 
Lynchburg,  VA  24505 

273.  L.  A.  Lott 
EG&G ,  Inc. 

PO  Box  1625 

Idaho  Falls,  ID  83415 

274.  Bryan  K.  Luftglass 
Chem  Systems,  Inc. 

303  South  Broadway 
Tarry town,  NY  10591 

275 .  Robert  Lundberg 

Svenska  Silikatforsknings- 
institutet 

Swedish  Institute  for 
Silicate  Research 
Box  5403 

S-402  29  Gothenburg 
SWEDEN 
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276. 


277. 


278. 


279. 


280. 


281. 


282. 


283. 


284. 


Michael  J.  Lynch 
General  Electric  Company 
PO  Box  414,  7B-36 
Milwaukee,  WI  53201 

James  W.  MacBeth 
Standard  Oil  Engineered 
Materials  Company 
Structural  Ceramics  Division 
Box  1054 

Niagara  Falls,  NY  14302 

Vincent  L.  Magnotta 
Air  Products  and  Chemicals,  Inc. 
PO  Box  538 
Allentown,  PA  18105 

Tai-il  Mah 

Universal  Energy  Systems 
4401  Dayton- Xenia  Road 
Dayton,  OH  45432 

L.  Manes 

Commission  of  the  European 
Communities 
Ispra  Establishment 
1-21020  Ispra  (Varese) 

ITALY 

Gerald  R.  Martin 
Fleetguard,  Inc. 

Cookeville,  TN  38501 

Dr.  John  L.  Mason 
Allied- Signal  Aerospace  Company 
AiResearch  Los  Angeles  Division 
2525  West  190th  Street 
Torrance,  CA  90509 

J.  McCauley 

U.S.  Army  Materials  Technology 
Laboratory 
DRXMR-MC 
Arsenal  Street 
Watertown,  MA  02172-0001 

William  J.  McDonough 
Keramont 

4233  South  Fremont  Avenue 
Tucson,  AZ  85714 


285.  Bryan  J.  McEntire 
Norton  Company 
TRW  Ceramics 
Goddard  Road 
Northboro,  MA  01532-1545 

286.  Thomas  D.  McGee 

Iowa  State  University 
Ames,  lA  50011 

287.  H.  Christopher  McGowan 
Advanced  Ceramic 

Technology,  Inc. 

17  Deerfield  Road 
East  Brunswick,  NJ  08816 

288.  Malcolm  G.  McLaren 
Rutgers  University 
PO  Box  909 
Bowser  Road 
Piscataway,  NJ  08854 

289.  Arthur  F.  McLean 
6225  N  Camino  Almonte 
Tucson,  AZ  85718 

290.  Brian  L.  Mehosky 
Standard  Oil  Engineered 

Materials  Company 
4440  Warrensville  Center  Road 
Cleveland,  OH  44128 

291.  P.  K.  Mehrotra 
Kennametal,  Inc. 

PO  Box  639 

Greensburg,  PA  15601 

292.  Joseph  J.  Meindl 

Reynolds  International,  Inc. 
PO  Box  27002 
6603  West  Broad  Street 
Richmond,  VA  23261 

293.  D.  Messier 
U.S.  Army  Materials 

Technology  Laboratory 
DRXMR-MC 
Arsenal  Street 
Watertown,  MA  02172 
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294.  Arthur  G.  Metcalfe 
Solar  Turbines ,  Inc . 

2200  Pacific  Highway 
PO  Box  80966 

San  Diego,  CA  92138 

295.  Thomas  N.  Meyer 

Aluminum  Company  of  America 
Alcoa  Technical  Center 
Alcoa  Center,  PA  15069 

296.  W.  Mlloscla 

Standard  Oil  Engineered 
Materials  Company 
4440  Warrensville  Center  Road 
Cleveland,  OH  44128 

297.  Bill  Moehle 
Ethyl  Corporation 
451  Florida  Avenue 
Ethyl  Tower 

Baton  Rouge,  LA  70801 

298.  Helen  Moeller 
Babcock  and  Wilcox 
PO  Box  11165 

Lynchburg,  VA  24506-1165 

299.  Frederick  E.  Moreno 
Turbo  Energy  Systems,  Inc. 

350  Second  Street,  Suite  5 
Los  Altos,  CA  94022 

300.  Peter  E.  D.  Morgan 
Rockwell  International 
1049  Caraino  Dos  Rios 
PO  Box  1085 

Thousand  Oaks,  CA  91360 

301.  Lawrence  M.  Murphy 
Thermal  Systems  Research 

Branch 

Solar  Energy  Research 
Institute 

1617  Cole  Boulevard 
Golden,  CO  80401 

302.  Solomon  Musikant 
General  Electric  Company 
PO  Box  8555 

MS:  U-1219 

Philadelphia,  PA  19101 


303.  Pero  Nannelli 
Pennwalt  Corporation 
900  First  Avenue 

PO  Box  C 

King  of  Prussia,  PA  19406-0018 

304.  Robert  M.  Neilson,  Jr. 

EG&G  Idaho ,  Inc . 

PO  Box  1625 

Idaho  Falls,  ID  83415 

305.  William  D.  Nix 
Stanford  University 
Stanford,  CA  94305 

306.  Richard  D.  Nixdorf 
American  Matrix,  Inc. 

118  Sherlake  Drive 
Knoxville,  TN  37922 

307.  Brian  M.  O'Connor 

The  Lubrlzol  Corporation 
29400  Lakeland  Boulevard 
Wickllffe,  OH  44092 

308.  W.  Richard  Ott 
Alfred  University 
Alfred,  NY  14802 

309.  Muktesh  Paliwal 

GTE  Products  Corporation 

Hawes  Street 

Towanda,  PA  18848-0504 

310.  Hayne  Palmour  III 
North  Carolina  State 

University 

2158  Burlington  Engineering 
Laboratories 
PO  Box  5995 
Raleigh,  NC  27607 

311.  Joseph  N.  Panzarino 
Norton  Company 
Goddard  Road 
Northboro,  MA  01532-1545 

312.  Pellegrino  Papa 
Corning  Glass  Works 
Corning,  NY  14831 
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313.  James  G.  Paschal 
Reynolds  Metals  Company 
PO  Box  76154 
Atlanta,  GA  30358 

314.  Arvid  E.  Pasto 

GTE  Laboratories,  Inc. 

40  Sylvan  Road 
Waltham,  MA  02254 

315.  Donald  0.  Patten 
Norton  Company 

High  Performance  Ceramics 
Goddard  Road 
Northboro,  MA  01532-1545 

316.  James  W.  Patten 

Cummins  Engine  Company,  Inc. 
Box  3005,  Mail  Code  50183 
Columbus,  IN  47202-3005 

317.  Timothy  M.  Pattison 
Textron  Lycoming 
MS:  LSMl 

550  Main  Street 
Stratford,  CT  06497 

318.  Robert  A.  Penty 
Eastman  Kodak  Company 
901  Elmgrove  Road 
Rochester,  NY  14650 

319.  Gary  R.  Peterson 

U.S.  Department  of  Energy 

785  DOE  Place 

Idaho  Falls,  ID  83402 

320.  R.  Byron  Pipes 
University  of  Delaware 
2001  Spencer  Laboratory 
Newark,  DE  19716 

321.  Robert  C.  Pohanka 
Office  of  Naval  Research 

800  North  Quincy  St,  Code  431 
Arlington,  VA  22217 

322.  Stephen  C.  Pred 
ICD  Group,  Inc. 

1100  Valley  Brook  Avenue 
Lyndhurst,  NJ  07071 


323.  Karl  M.  Prewo 
United  Technologies 

Corporation 
Silver  Lane,  MS:  24 
East  Hartford,  CT  06108 

324.  Hubert  B.  Probst 

NASA  Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  OH  44135 

325.  Carr  Lane  Quackenbush 
Norton  Company 

High  Performance  Ceramics 
Goddard  Road 
Northboro,  MA  01532-1545 

326.  Brian  Quigy 

National  Aeronautics  and 
Space  Administration 
Washington,  DC  20546 

327.  George  Quinn 

U.S.  Army  Materials 
Technology  Laboratory 
Arsenal  Street 
Watertown,  MA  02172 

328.  Dennis  T.  Quinto 
Kennametal,  Inc. 

PO  Box  639 

Greensburg,  PA  15601 

329.  S.  Venkat  Raman 
Air  Products  and 

Chemicals,  Inc. 

PO  Box  538 
Allentown,  PA  18105 

330.  Dennis  Readey 

Ohio  State  University 
2041  College  Road 
Columbus,  OH  43210 

331.  Robert  R.  Reeber 

U.S.  Army  Research  Office 
PO  Box  12211 
Research  Triangle  Park 
NC  27709 
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332.  K.  L.  Reif snider 

Virginia  Polytechnic  Institute 
and  State  University 
Blacksburg,  VA  24061 

333.  Paul  Rempes 

Wi 1 1 iams  Internationa 1 
2280  West  Maple 
MS:  6-5 

Walled  Lake,  MI  48088 

334.  T.  M.  Resetar 

U.S.  Army  Materials 
Technology  Laboratory 
DAXMA-MC 
Arsenal  Street 
Watertown,  MA  02172 

335.  K.  T.  Rhee 
Rutgers  University 
PO  Box  909 
Bowser  Road 
Piscataway,  NJ  08854 

336.  Roy  W,  Rice 

W.  R.  Grace  and  Company 
7379  Route  32 
Columbus,  MD  21044 

337.  David  W.  Richerson 
Ceramatec ,  Inc . 

163  West  1700  South 
Salt  Lake  City,  UT  84115 

338.  Paul  Rieth 
Ferro  Corporation 
661  Willet  Road 
Buffalo,  NY  14218-9990 

339.  Michael  A.  Rigdon 
Institute  for  Defense  Analyses 
1801  Beauregard  Street 
Alexandria,  VA  22311 

340.  John  E.  Ritter,  Jr. 

University  of  Massachusetts 
Amherst,  MA  01003 


341.  Giulio  A.  Rossi 
Norton  Company 

High  Performance  Ceramics 
Goddard  Road 
Northboro,  MA  01532-1545 

342.  Barry  R.  Rossing 
Lanxide  Corporation 
Tralee  Industrial  Park 
Newark,  DE  19711 

343.  David  J.  Rowcliffe 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

344.  Donald  W.  Roy 

Coors  Ceramics  Company 
17750  West  32nd  Street 
Golden,  CO  80401 

345 .  Bruce  Rubinger 
Gobal 

50  Milk  Street,  15th  Floor 
Boston,  MA  02109 

346 .  Robert  Ruh 

Air  Force  Wright 
Aeronautical  Laboratory 
Materials  Laboratory 
AFWAL/M  LLM 
Wright- Patterson  AFB 
OH  45433 

347.  Robert  J.  Russell,  Sr. 
Norton  Company 

High  Performance  Ceramics 
Goddard  Road 
Northboro,  MA  01532-1545 

348.  George  P.  Safol 
Westinghouse  Electric 

Corporation 
Pittsburgh,  PA  15235 

349.  J.  Sankar 

North  Carolina  Agricultural 
and  Technical  State 
University 
Greensboro,  NC  27411 
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350.  Maxine  L.  Savitz 
Garrett  Processing  Company 
Ceramic  Components  Divisio 
19800  South  Van  Ness  Avenu 
Torrance,  CA  90509 

351.  Richard  Schapery 
Texas  A&M  University 
College  Station,  TX  77843 

352.  J.  L.  Schienle 
Allied- Signal  Aerospace 

Company 

Garrett  Auxiliary  Power 
Division 

2739  East  Washington  Stree 
PO  Box  5227 
Phoenix,  AZ  85010 

353.  Liselotte  J.  Schioler 
Aerojet  Tech  Systems  Compa 
PO  Box  13222 

Dept.  9990,  Bldg.  2019-A2 
Sacramento,  CA  95813 

354.  Richard  A.  Schmidt 
Battelle  Columbus 

Laboratories 
505  King  Avenue 
Columbus,  OH,  43201-2693 

355.  Arnie  Schneck 
Deere  and  Company 

Technical  Center 
PO  Box  128 

Wood- Ridge,  NJ  07075 

356.  Matthew  Schreiner 

Gas  Research  Institute 
8600  West  Bryn  Mawr  Avenue 
Chicago,  IL  60631 

357.  John  Schuldies 
Industrial  Ceramic 

Technology,  Inc. 

37  Enterprise  Drive 
Ann  Arbor,  MI  48103 

358-367.  R.  B.  Schulz 

U.S.  Department  of  Energy 
Forrestal  Building  CE-151 
1000  Independence  Avenue 
Washington,  DC  20585 


368.  Wesley  J.C.  Shuster 
Thermo  Electron  Corporation 
115  Eames  Street 

PO  Box  340 

Wilmington,  MA  01887 

369.  Murray  A.  Schwartz 
Bureau  of  Mines 

2401  Eye  Street,  N.W. 
Washington,  DC  20241 

370.  Douglas  B.  Schwarz 

The  Dow  Chemical  Company 
52  Building 
Midland,  MI  48674 

371.  Thomas  M.  Sebestyen 
U.S.  Army  Tank 

Automotive  Command 
AMSTA-RGRT 

Warren,  MI  48397-5000 

372.  Brian  Seegmlller 
Coors  Ceramics  Company 
17750  West  32nd  Street 
Golden,  CO  80401 

373.  S.  G.  Seshadri 
Standard  Oil  Engineered 

Materials  Company 
PO  Box  832 

Niagara  Falls,  NY  14302 

374.  Peter  T.  B.  Shaffer 
Advanced  Refractory 

Technologies,  Inc. 

699  Hertel  Avenue 
Buffalo,  NY  14207 

375.  Maurice  E.  Shank 
United  Technologies 

Corporation 

East  Hartford,  CT  06108 

376.  Laurel  M.  Sheppard 
Advanced  Materials  and 

Processes 
Route  87 

Metals  Park,  OH  44073 

377.  Dinesh  K.  Shetty 

The  University  of  Utah 
Salt  Lake  City,  UT  84112 
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378.  Jack  D.  Sibold 

Coors  Ceramics  Company 
17750  West  32nd  Street 
Golden,  CO  80401 

379.  Neal  Sigmon 

U.S.  House  of  Representatives 
Rayburn  Building,  Room  B308 
Washington,  DC  20515 

380.  Richard  Silberglitt 
Quest  Research  Corporation 
1651  Old  Meadow  Road 
McLean,  VA  22102 

381.  Maurice  J.  Sinnott 
University  of  Michigan 

438  West  Engineering  Building 
Ann  Arbor,  MI  48109-2136 

382.  S.  R.  Skaggs 

Los  Alamos  National  Laboratory 

PO  Box  1663 

Los  Alamos,  NM  87545 

383.  J.  Thomas  Smith 

GTE  Laboratories,  Inc. 

40  Sylvan  Road 
Waltham,  MA  02254 

384.  Jay  R.  Smyth 

Allied- Signal  Aerospace 
Company 

Garrett  Auxiliary  Power 
Division 

2739  East  Washington  Street 
PO  Box  5227 
MS:  93-172/1302-2K 
Phoenix,  AZ  85010 

385.  Rafal  Sobotowski 
Standard  Oil  Engineered 

Materials  Company 
3092  Broadway  Avenue 
Cleveland,  OH  44115 

386.  Thomas  M.  Sopko 
Lubrizol  Enterprises,  Inc. 
29400  Lakeland  Boulevard 
Wickliffe,  OH  44092 


387.  Boyd  W.  Sorenson 
Du  Pont  Company 
Experimental  Stat,  Bldg  304 
Wilmington,  DE  19898 

388.  Dr.  Richard  M.  Spriggs 
Center  for  Advanced 

Ceramic  Technology 
New  York  State  College 
of  Ceramics  at 
Alfred  University 
Alfred,  NY  14802 

389.  M.  Srinlvasan 
Standard  Oil  Engineered 

Materials  Company 
PO  Box  832 

Niagara  Falls,  NY  14302 

390.  Gordon  L.  Starr 

Cummins  Engine  Company,  Inc. 
Box  3005,  Mail  Code  50183 
Columbus,  IN  47202-3005 

391.  Harold  L.  Stocker 
General  Motors  Corporation 
PO  Box  420,  T-23 
Indinapolis,  IN  46206-0420 

392.  Paul  D.  Stone 

The  Dow  Chemical  Company 
1801  Building 
Midland,  MI  48674 

393.  Roger  Storm 

Standard  Oil  Engineered 
Materials  Company 
PO  Box  832 

Niagara  Falls,  NY  14302 

394.  E.  E.  Strain 

Allied- Signal  Aerospace 
Company 

Garrett  Engine  Division 
111  South  34th  Street 
PO  Box  5217 
MS:  301- 2N 
Phoenix,  AZ  85010 
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395.  Thomas  N.  Strom 

NASA  Lewis  Research  Center 
21000  Brookpark  Road,  77-6 
Cleveland,  OH  44135 

396.  Jerry  Strong 
Albright  &  Wilson 
PO  Box  26229 
Richmond,  VA  23260 

397.  Richard  Suddeth 

Boeing  Motor  Airplane  Company 
PO  Box  7730 
MS:  K-76-67 
Wichita,  KS  67277 

398 .  Paul  Sutor 

Midwest  Research  Institute 
425  Volker  Boulevard 
Kansas  City,  MO  64116 

399.  J.  J.  Swab 

U.S.  Army  Materials 
Technology  Laboratory 
405  Arsenal  Street 
Watertown,  MA  02172 

400.  John  W.  Swain,  Jr. 

Kollmorgen  Corporation 
PCK  Technology  Division 
15424  Garrison  Lane 
Southgate,  MI  48915 

401.  Lewis  Swank 

Ford  Motor  Company 
20000  Rotunda  Drive 
PO  Box  2053 

Building  SRL,  Room  S2023 
Dearborn,  MI  48121-2053 

402.  Stephen  R.  Tan 

ICI  Advanced  Materials 
PO  Box  11 

The  Heath,  Runcorn 
Cheshire 
ENGLAND  WA7  4QE 

403.  Anthony  C.  Taylor 

U.S.  House  of  Representatives 
Rayburn  Building,  Room  2321 
Washington,  DC  20515 


404.  W.  H.  Thielbahr 

U.S.  Department  of  Energy 

550  2nd  Street 

Idaho  Falls,  ID  83401 

405.  John  K.  Tien 
Columbia  University 
1137  S.W.  Mudd  Building 
New  York,  NY  10027 

406.  T.  Y.  Tien 
University  of  Michigan 
Dow  Building 

Ann  Arbor,  MI  48109-2136 

407.  Julian  M.  Tishkoff 
Air  Force  Office  of 

Scientific  Research 
(AFOSR/WC)  Bolling  AFB 
Washington,  DC  20332 

408.  Louis  E.  Toth 

National  Science  Foundation 
1800  G  Street,  N.W. 
Washington,  DC  20550 

409.  Richard  E.  Tressler 
Pennsylvania  State  University 
201  Steidle  Building 
University  Park,  PA  16802 

410.  Donald  R.  Uhlmann 
Massachusetts  Institute 
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